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ABSTRACT
A m u ltip le  g en e ra tio n  C^H mammary adenocarcinom a was s e r i a l l y  
t r a n s p la n te d  a t in t e r v a l s  of 2—3 weeks over s e v e ra l  y e a r s , 
u s in g  a tumour c e l l  su sp en sio n . The growth p a t t e r n  may he 
d e sc r ib e d  by a Gompertzian p a t te r n ,  w ith  th e  d o u b lin g  tim e 
in c re a s in g  from 0 .5  days a t 2 mm mean d iam eter t o  about 3 days 
a t  10 mm mean d iam e te r . H is to lo g ic a l ly ,  th e  tumour appeared 
p o o rly  d i f f e r e n t i a t e d  w ith  a re a s  of n e c ro s is ;  an appearance 
su g g e s tiv e  of ex ten s iv e  h y pox ia . The v ery  h ig h  TCD^^ of 67 Qy 
was com patib le  w ith  t h i s  su g g e s tio n .
A c h a r a c t e r i s t i c  p a t te rn  and r a t e  of tumour r e g re s s io n  e x is te d  
a f t e r  i r r a d i a t i o n  w ith X—ra y s  a lone  and in  com bination  w ith  th e  
hypoxic c e l l  r a d io s e n s i t i z e r  "M iso n id azo le" . The r a t e  of 
r e g re s s io n  seemed to  r e f l e c t  on ly  th e  r a t e  of rem oval of th e  
doomed tumour c e l l s ,  c e l l  d e b r is  and th e  e f f ic ie n c y  of th e  
mechanisms re sp o n s ib le  f o r  c le a ra n c e  a f t e r  i r r a d i a t i o n .  The 
s im i la r  p a t te r n  of re g re s s io n  th a t  emerged fo llo w in g  non- 
c u ra t iv e  and c u ra tiv e  doses o f r a d ia t io n  s tro n g ly  suggested  
th a t  th e  r a t e  of re g re s s io n  i s  a  poor in d ic a to r  o f r a d ia t io n  
c u r a b i l i t y .  However, in  com ple te ly  re g re s s e d  tum ours, a  h igh  
p r o b a b i l i ty  of lo c a l  c o n tro l was observed, once an in c id en ce  
of com plete re g re s s io n  of more th a n  60 p e r cen t was a t ta in e d .
In  th e  p re sen t work, th e re  was a  d e f in i t e  grow th r e s t r a i n t  of 
r e c u r re n t  tum ours as a r e s u l t  o f r a d ia t io n  damage t o  th e  
tum our bed r a th e r  th an  an i n t r i n s i c  c e l l u l a r  a l t e r a t i o n  in  
th e  su rv iv in g  tumour c e l l s .  C le a r ly , t h i s  tumour bed e f f e c t  
should  be considered  in  th e  a n a ly s is  of th e  growth d e lay  o f 
th e s e  tum ours. The m agnitude o f t h i s  e f f e c t ,  however, was
X I 1
d i f f i c u l t  to  a s s e s s  from  th e  grow th  s tu d ie s  o f r e c u r r e n t  
tu m o u rs . F u rth e rm o re , g row th  s tu d ie s  o f t r a n s p la n te d  tum ours 
a t  th e  s i t e s  o f p r e v io u s ly  c u re d  tum ours and a t  p re —i r r a d i a t e d  
s i t e s  o f f e r e d  o n ly  l im i t e d  h e lp  i n  t h i s  a s se s sm e n t. The 
r e s u l t s  o b ta in e d  a t  th e s e  s i t e s ,  w ith  t h e i r  d is c r e p a n c ie s ,  
p o in te d  t o  th e  need  f o r  f u r t h e r  s tu d ie s  b e fo re  a  p o s s ib le  
e x t r a p o la t io n  t o  th e  s i t u a t i o n  o f  r e c u r r e n t  tu m o u rs .
The re c o v e ry  c a p a c i ty  from  s u b le th a l  damage (SLD) was found  t o  
be s im i la r  t o  o th e r  tum our sy s te m s . However, th e  v a lu e s  
o b ta in e d  u s in g  th e  c u re  d a t a  d i f f e r e d  from  th o s e  u s in g  th e  
d e la y  i n  grow th d a t a .  The l a t t e r  a l s o  showed th e  E lk in d  
p a t t e r n  (p eak s  and t ro u g h s )  c h a r a c t e r i s t i c  o f th e  s p l i t  dose 
e x p e r im e n ts . These o b s e rv a t io n s  i n d i c a t e  th e  c a u t io n  needed  
i n  th e  i n t e r p r e t a t i o n  o f  th e  r e s u l t s  u s in g  e i t h e r  s e t  o f d a t a .  
T h is  i s  e s p e c i a l l y  t r u e  when com paring  th e  re c o v e ry  from  SLD 
o f v a r io u s  tu m o u rs . A lthough  M iso n id azo le  was u sed  m a in ly  t o  
u n d e rs ta n d  th e  g ro s s  re s p o n se  o f  th e  tum ours fo llo w in g  
i r r a d i a t i o n ,  i t s  p o te n c y  i n  r a d i o s e n s i t i z a t i o n  o f th e  h y pox ic  
tum our c e l l s  was a l s o  co n firm ed  in  th e  p re s e n t  w ork.
The im m unological s tu d ie s  o f  th e  tum our system  have drawn 
a t t e n t i o n  t o  th e  p o s s i b i l i t y  o f  an im m uno-suppression  r a t h e r  
th a n  an im m u n o -s tim u la tio n  s t a t u s  o f  tum our b e a r in g  m ice .
T here appeared  a l s o  t o  be a  p o s s i b i l i t y  o f grow th enhancement 
when a t te m p tin g  im m un iza tion  o f  th e  a n im a ls .
F in a l ly ,  com p ara tiv e  a n a ly s i s  o f th e  b io lo g ic a l  c h a r a c t e r i s t i c s  
o f  th e  p re s e n t  tum our and i t s  f i r s t  g e n e ra t io n  c o u n te rp a r t ,  
c l e a r l y  showed t h a t  s e r i a l  t r a n s p l a n t a t i o n  le d  t o  s e v e ra l  
m o rp h o lo g ica l and b io l o g ic a l  ch an g e s .
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PREFACE
The aim o f th e  work d e sc rib e d  in  t h i s  t h e s i s  was to  in v e s t ig a te  
th e  b io lo g ic a l  and r a d io b io lo g ic a l  c h a r a c t e r i s t i c s  of a 
m u ltip le  g e n e ra tio n  C^H mammary adenocarcinom a. T h is  was done 
t o  determ ine  th e  f e a s i b i l i t y  o f e s ta b l i s h in g  a s u i ta b le  s o l id  
tumour system fo r  f u r th e r  r a d io b io lo g ic a l  and o th e r  re se a rc h  
s tu d ie s ,  a t th e  R adiobiology R esearch  U nit a t th e  Glasgow 
I n s t i t u t e  fo r  R ad io th e rap e u tic s  and Oncology,
As no p rev io u s  s tu d ie s  have been c a r r ie d  out on t h i s  tumour, 
i t  was, th e re fo re ,  e s s e n t ia l  t o  in v e s t ig a te  th e  b a s ic  
c h a r a c te r i s t i c s  o f th e  tumour and th e  methods most s u i ta b le  
f o r  q u a n t i ta t io n  of i t s  response  to  i r r a d i a t i o n .
The t h e s i s  c o n s is ts  of fo u r  s e c tio n s , th e  f i r s t  i s  a  rev iew  
of some of th e  background l i t e r a t u r e  concern ing  th e  b io lo g y  
and r a d ia t io n  b io lo g y  of ex p erim en ta l anim al tum ours.
The m a te r ia ls  and methods a re  d e sc r ib e d  in  s e c t io n  two and 
th e  problem s o f  both  tumour t r a n s p la n ta t io n  and i r r a d i a t i o n  
a re  m entioned in  some d e t a i l .  The r e s u l t s  of th e  b io lo g ic a l  
and ra d io b io lo g ic a l  s tu d ie s  o f th e  tumour system  a re  
p re se n te d  in  s e c tio n  t h r e e .  F in a l ly ,  in  s e c tio n  fo u r , th e  
ex p erim en ta l f in d in g s  a re  d isc u sse d  and in te r p r e te d  in  th e  
l i g h t  o f p re se n t r a d io b io lo g ic a l  knowledge, w ith  m ention of 
p o s s ib le  d i r e c t io n s in  which f u r th e r  s tu d ie s  may e x ten d .
P ap ers  based on t h i s  t h e s i s  have been p u b lish e d  or a re  in  
p r e s s .  Two papers  based on t h i s  work have a ls o  been re a d  to  
th e  Royal S o c ie ty  of M edicine and th e  20th  Annual G eneral 
M eeting of th e  B r i t i s h  A sso c ia tio n  f o r  Cancer R esearch .
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CHAPTER I
INTRODUCTION AND REVIEW OF LITERATURE
R adio therapy  has evo lved  m ainly as a r e s u l t  o f an e m p iric a l 
sea rc h  "by c l i n i c i a n s  f o r  doses and trea tm en t sch ed u le s  th a t  
would he ju s t  t o l e r a t e d  by th e  norm al t i s s u e s ,  w h ile  
i n f l i c t i n g  maximum damage to  th e  tumour c e l l s  to  a  le v e l  a t  
which th e  p ro b a b i l i ty  o f regrow th  i s  n e g l ig ib le , P re sen t 
ra d io b io lo g ic a l  Imowledge has dem onstrated  the  m u l t ip l i c i ty  
and com plexity  o f  th e  f a c to r s  invo lved  in  th e  re sp o n se  o f 
tum ours, fo llo w in g  i r r a d i a t i o n .
An u n d e rs tan d in g  o f th e se  f a c to r s  w i l l  h e lp  th e  r a d io th e r a p is t  
b o th  to  a r r iv e  a t  a  more co n sid e red  judgement o f  the  
p re sc r ib e d  tre a tm e n t and to  use t h i s  tre a tm e n t more 
s t r a t e g i c a l ly  and e f f i c i e n t l y .
The c l i n i c a l  re sp o n se  o f m alignant tum ours, fo llo w in g  
ir ra d ia tic a a  i s  th e  most obvious and e a s ie s t  m onitor o f 
r a d ia t io n  tr e a tm e n t .  Hence i t  i s  o f in t e r e s t  and im portance 
to  ex p lo re  t h i s  re sp o n se , as d e sc rib e d  in  t h i s  t h e s i s ,  w ith  
th e  hope th a t  such  s tu d ie s  w i l l  guide can cer th e ra p y . I t  i s  
c l e a r  th a t  a  c o n s id e ra b le  amount o f ex p erim en ta l 
ra d io b io lo g ic a l  d a ta  about tumour response fo llo w in g  
i r r a d ia t io n  i s  r e q u ire d  b e fo re  a  more d e f in i te  g e n e ra l 
co n c lu s io n  can be drawn and e x tra p o la te d  w ithou t h aza rd s  to  
th e  c l i n i c a l  s i t u a t i o n s .  This e n t a i l s  s tu d ie s  o f a  wide 
v a r ie ty  o f tum ours o f  d i f f e r e n t  b io lo g ic a l  p r o p e r t ie s .
F i r s t  g e n e ra tio n  t r a n s p la n ts  o f spontaneous C3H mouse mammary 
carcinom a have been used  e x te n s iv e ly  fo r  r a d io b io lo g ic a l  
in v e s t ig a t io n s  a t  th e  Gray L abora to ry  ( l ) .  The m u ltip le  
g en e ra tio n  c o u n te rp a r t  o f th i s  tum our, d e sc rib e d  in  t h i s  
t h e s i s ,  was o r ig i n a l ly  o b ta in ed  from a spontaneous tumour—
b e a r in g  C3H mouse from the  Gray L ab o ra to ry , Tlie b io lo g ic a l  
p ro p e r t ie s  o f t h i s  tumour have d e p a r te d  from th o se  o f the 
o r ig in a l  one, due to  s e r i a l  t r a n s p la n t a t io n . Hence, i t  was 
p o s s ib le  to  compare s e v e ra l o f th e  p ro p e r t ie s  o f  b o th  tum ours, 
d e s p ite  d if f e r e n c e s  in  th e  te ch n iq u es  o f t r a n s p la n ta t io n  and 
i r r a d i a t i o n •
The use o f a  c y to s ie v e  tumour c e l l  suspension  f o r  tumour 
tr a n s p la n ta t io n  has f a c i l i t a t e d  s tudy  o f th e  ta k e  r a t e ,  the  
l a t e n t  p e rio d  and th e  p a t te rn  o f  growth in  ro u tin e  t r a n s p la n t s ,  
in  cu red  and i r r a d ia t e d  s i t e s .  T h is was perform ed in  an 
a ttem p t to  f in d  out the m agnitude o f growth r e s t r a i n t  as a  
r e s u l t  o f damage to  the  norm al strom a a s s o c ia te d  w ith  the  
tum our, fo llo w in g  i r r a d i a t i o n .  However, in  t h i s  t h e s i s ,  
norm al t i s s u e  w i l l  n o t be o f prim e i n t e r e s t .
The aim o f d e s tru c t io n  o f a l l  tumour c e l l s  i s  h in d e red  by the
e x is te n c e  of r a d io r e s i s t a n t  h^^poxic c e l l s  in  th e  tum ours, 
which re q u ire  an in c re a se  in  th e  g iven  d o se . On th e  o th e r
hand, th i s  requ irem en t of an in c re a s e  in  doss i s  tem pered
by awareness o f th e  l im i ta t io n s  o f  normal t i s s u e  to le ra n c e .
In o rd e r to  dem onstrate  the  e f f e c t  o f hypoxic c e l l s  on the  
observed response  in  our tumour system , th e  hypoxic c e l l  
r a d io s e n s i t i z e r  (M ison idazo le) was used w ith  s in g le  doses of 
X - i r r a d i a t io n .
1 .1  Tumour T ran sp la n ts  U sing C e l l  Suspension Technique;
This techn ique  has been used  w idely  in  anim al 
t r a n s p la n ts  (2 ,3 ,4 ,5 ;6 ? 7 )»  The g en era l m ethodology o f 
the  p re p a ra t io n  o f the tumour c e l l  su sp en sio n  can be
summarized, a s  fo llo w s  :
i  -  The tum our i s  e x c is e d  and f r e e d  from  non-tum our 
d e b r is  and g ro s s ly  n e c r o t i c  m a te r ia l ;  
i i  -  I t  i s  f i n e l y  m inced and g e n tly  p a sse d  th ro u g h  a  
s t a i n l e s s  s t e e l  m esh; 
i i i  -  The c ru d e  f i l t r a t e  i s  th e n  s u b je c te d  to  one o r  
more o f  s e v e r a l  s te p s  in c lu d in g :  t r y p s i n i z a t i o n  
and o th e r  enzym atic  t r e a tm e n t ,  to  f r e e  tum our 
c e l l s  from  non-tum our d e b r i s ;  o e n t r i f u s i o n  f o r  
s e v e r a l  m in u tes  and re su sp e n s io n  o f  th e  p e l l e t  in  
f r e s h  medium o r  s e d im e n ta t io n  by g r a v i ty  f o r  
p e r io d s  v a r ie d  from th r e e  to  t h i r t y  m in u te s .
ALL th e s e  p ro c e d u re s  a re  c a r r i e d  ou t u n d er f u l l y  a s e p t i c  
c o n d i t io n  and in  th e  c o ld  ( 2 - 5 )  ex ce p t enzym atic  
t r e a tm e n t .
S ilo b rc ic  and S u it ( 4 ) o b ta in e d , w ithou t th e  u se  o f 
enzym atic tre a tm e n t,  a  c e l l  suspension  w ith  about 90^  
o f th e  c e l l s  suspended s in g ly  and 10^ in  sm all clumps 
o f 2-5 c e l l s  and 20-45^ v ia b le  c e l l s .  On th e  o th e r  
hand, Kallman e t  a l .  (5) and H ew itt e t  a l .  (6) were 
ab le  to  o b ta in  s in g le  c e l l  suspension  o f tumour c e l l s ,  
by th e  enzym atic tre a tm en t o f the  crude f i l t r a t e .  A 
s in g le  c e l l  suspension  was needed by th e se  in v e s t ig a to r s  
fo r  th e  d i l u t i o n  assay  method which re q u ire d  a loiown 
nuiiber o f s in g le  v ia b le  tum our c e l l s  in  each inoculum .
l a l o l  The I n je c t io n s  and S i t e s  o f  T ra n s p la n ts :
B r ie f ly ,  l i g h t l y  a n a e s th e t iz e d  mice were u sed  to  en su re
acc u ra te  p la c in g  o f the  in o c u la  ( 5 ,6 ) .  There was a  
degree o f leakage o f c e l l  suspension  from th e  need le  
tr a c k  and sk in  i n f i l t r a t i o n s  ( 8 ,p ) .  To avo id  t h i s ,
Thom l in s  on (8 ) used s p h e r ic a l  tumour sausage co n ta ijiin g  
a lg in a te  p e l l e t s  p repared  from the  tumour suspension  
and S ilo b rc ic  smd S u it (4 ) passed  the  n eed le  th rough  
the  upper th ig h  m uscles and then  in to  th e  subcutaneous 
t i s s u e  o f th e  r ig h t  f l a n k s .
By u s in g  a c e l l  suspension  fo r  tumour t r a n s p la n t s ,  
th e re  i s  a  degree  o f u n c e r ta in ty  about th e  number o f 
v ia b le  c e l l s  in je c te d  in  each mouse fo r  s e v e ra l  
te c h n ic a l  r e a s o n s :—
1 -  V a r ia tio n s  in  c e l l  co u n tin g  and th e  in c lu s io n  o f 
n o n -v ia b le  b u t m o rp h o lo g ica lly  in ta c t  tumour 
c e l l s  Î
i i  — Loss o f some p a r t  o f th e  in o cu la  th rough  the
n eed le  t ra c k s  ;
i i i  — D ecrease o f th e  number o f  tumour c e l l s  in
su c c e ss iv e  in o c u la  due to  sed im en ta tio n  and
clum ping o f  some c e l l s  in  the sy rin g e  d u rin g
th e  t r a n s p la n t  p ro c e d u re .
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iv  ~ The p o s s ib le  d e c r e a s e |v ia b i l i ty  of the  tumour
c e l l s  from th e  tim e o f k i l l i n g  the  tum our b e a rin g  
mouse and p re p a ra t io n  o f the  c e l l  su spension  
u n t i l  th e  tim e o f  l a s t  in je c t io n ,
1 ,1 ,2  The L a ten t P e rio d s ; (da^^s a f t e r  in je c t io n s  u n t i l  the  
d e te c tio n  o f th e  e a r l i e s t  tumour m asses)
S ilobrc io  and S u i t  (4 ) ,  u s in g  spontaneous mammary 
tum ours, showed a sp read  o f th e  la te n t  p e r io d s , w ith  
most o f th e  tumours ap p ea rin g  a t  30-40 days and no 
tumours ap p ea rin g  a f t e r  80 d a y s , H ew itt e t  a l .  (6 ) ,  
u s in g  squamous c e l l  carcinom a showed th a t  th e  l a t e n t  
p e rio d  was dependent on th e  number o f tumour c e l l s  
in je c te d .  In  t h i s  tum our, th e  lo n g est mean l a t e n t  
p e rio d  v a lu e  was 27 daj,^s, w ith  a  decrease  o f  37h in  
th e  mean l a t e n t  p e rio d  f o r  each doubling  o f  th e  inoculum 
s i z e .
l e i .3  (number o f  tumour c e l l s  to  produce 50^  tumour ta k e )
P o r te r  e t  a l .  ( lo )  made a  m athem atical a n a ly s is  o f th e  
t r a n s p la n ta t io n  k in e t ic s  o f  tumour c e l l s ,  b e a r in g  on th e  
f a c t  th a t  some tumours can be i n i t i a t e d  by a  s in g le  c e l l
w hile o th e rs  can n o t .  S e v e ra l in v e s t ig a to r s  have
re p o rte d  v a r i a t io n  o f  v a lu e s  in  a  v a r i e ty  o f  murine
tumours w i th :—
i  — The type  o f tumour : H ew itt e t  a l .  ( i l )  in  an
a n a ly s is  o f 27 d i f f e r e n t  tumours o f spontaneous 
o r ig in ,  found th a t  TD^^ v a lues ranged from c lo se  
to  1 .0  fo r  s e v e ra l  lymphoid tumours to  over
l8 ,0 0 0  fo r  an osteosarcom a,
i i  -> The s i t e  o f in je c t io n s ;  The low est v a lu es
were found to  be fo r  b o th  a x i l l a  and g ro in  by 
th e  d i lu t io n  assays method (5 ,6 ) .  Kallman e t  a l .  
(5) concluded  th a t  th e  anatom ical subcutaneous 
s i t e  o f in o c u la tio n  and hence the  im m ediately
a d ja c e n t v a s c u la r i t y  and o th e r  f a c t o r s ,  co u ld  
d e te rm in e  th e  f a t e  o f  th e  inocu lum , 
i i i  — In  many tum our sy s te m s , lo w e rin g  o f  and
sh o rte n in g  o f th e  l a t e n t  p e rio d s  s p e c ia l ly  fo r  
sm all inocula» have been observed a f t e r  
concom itant t r a n s p la n t  o f  normal t i s s u e s  o r 
l e th a l ly  i r r a d ia te d  c e l l s  (5 ,6 ,7 ,1 1 ,1 2 ,1 3 ,1 4 ,1 5 )*  
H ew itt e t  a l ,  (? )  and P e te rs  and H ew itt ( l2 )  
a t t r i b u t e d  t h i s  R év isa  e f f e c t  to  an in c re a se  in  
th e  p ro p o rtio n  o f v ia b le  c e l l s  and a 
th ro m b o p las tic  e f f e c t  a t  th e  s i t e  o f  in je c t io n ,  
iv  -  Imm unological f a c to r s ;  Kallman e t  a l . (5 )
c o n s id e re d  t h a t  im m unolog ical prob lem s can  le a d  
to  a  v a r i a t i o n  in  TD^q and i r r e g u l a r  tum our 
t a k e .  These i n v e s t i g a t o r s  d e m o n s tra te d  t h i s  
p o s s i b i l i t y  in  sarcom a KHT and KHG, t r a n s p la n te d  
in  immunized r e c i p i e n t s .  On th e  o th e r  hand, 
H ew itt e t  a l ,  ( i l )  showed a  r e d u c t io n  o f  TD^q 
by im m unization  and a l s o  p r io r  ex p o su re  o f  th e  
r e c i p i e n t s  to  s u b le th a l  d oses o f w hole body 
i r r a d i a t i o n .  They c o n s id e re d  th a t  a  h i ^ i  TD,50
or th e  re d u c tio n  o f  TD^^ by th e  a d d i t io n  of
h e a v i ly  i r r a d i a t e d  tum our c e l l s  o r  whole body 
i r r a d i a t i o n  do n o t im ply imiTiunological f a c t o r s .
1 .2  Tumour G row th:
The grov/th o f  many s o l id  tum ours in  a n im a ls  d e p a r ts  a t  
an e a r ly  s ta g e  o f  grow th from  a  s im ple  e x p o n e n t ia l
grovrth fu n c t io n  to  a  grow th  p a t t e r n  w hich can  ha 
d e s c r ib e d  by a  G om pertzian f u n c t io n .  In  t h i s  f u n c t io n ,  
th e  e x p o n e n t ia l  grow th c o n s ta n t  i t s e l f  d e c r e a s e s  
e x p o n e n t ia l ly ,  w ith  a  c o r re sp o n d in g  in c r e a s e  o f  th e  
" d o u b lin g  tim e " ,  as grow th  p r o g r e s s e s .  The G om pertzian 
grow th i s  a l s o  a p p lie d  t o  norm al b io l o g ic a l  sy s tem s: 
human f e tu s  ( l 6 ) ,  av ian  and mammalian em bryos ( l ? ) ,  
b i r d s  and mammals ( l 8 ) .  The Gompertz e q u a t io n  
i t s e l f  i s  one o f  a  number o f  p o s s ib le  e m p ir ic a l  
e q u a t io n s  u sed  f o r  m a th em a tic a l d e s c r ip t io n  o f  th e  
grow th p a t t e r n  o f  an im al tu m o u rs . I t s  more p o p u la r ,  
in t e g r a te d  form is  :
-- "o
where r e p r e s e n t s  some m easure o f  tum our s i z e  ( i . e .
c e l l  num ber, tum our volume o r  tumour w e ig h t)  a t  tim e t ;
N i s  th e  i n i t i a l  tum our s iz e  a t  tim e  ze ro  o
f o r  th e  p e r io d  o f  o b s e rv a t io n ;  
d r e p r e s e n t s  th e  e x p o n e n t ia l  g row th  p a ra m e te r ;
p r e p r e s e n t s  th e  r e t a r d a t i o n  grow th  p a ra m e te r .
The d o u b lin g  tim e o f  th e  Gompertz cu rv e  i s  th e  d o u b lin g  
tim e o f  th e  e x p o n e n t ia l  ta n g e n t  a t  th e  p o in t  o f  
i n t e r e s t  and can  be c a l c u la te d  from th e  fo l lo w in g  
e q u a t io n :
^  I T "  X • f m \  I n  2    , 0 0 6 9 3D oubling  tim e (T^) i . e .  «
The r e t a r d a t i o n  p ro c e s s  o f  no im al grow th may be 
e x p la in e d  by th e  c a p a c i ty  o f  norm al stem  c e l l s  to  
d i f f e r e n t i a t e  and t h e i r  s e n s i t i v i t y  to  no rm al r e g u la to r y
ajid h om eosta tic  m echanisms. L a ird  ( 19) p o in te d  out 
th a t  tumours grow as a  community of c e l l s  o r  a  s in g le  
organism d e riv e d  from a  s in g le  c e l l ,  r a th e r  th an  a  
p o p u la tio n  o f d is s o c ia te d  in d iv id u a l  c e l l s .  She (20) 
a lso  su g g ested  two e x p la n a tio n s  fo r  the  r e ta r d a t io n  
p rocess in  tumours ; e i t h e r  an ageing  e f f e c t  o f the  
p o p u la tio n  o f c e l l s  w ith  in c re a se  in  mean g en e ra tio n  
time o f c e l l s  w ithou t a  change in  the  p ro p o r tio n  o f 
re p ro d u c tiv e  c e l l s ,  o r a  lo s s  o f th e  re p ro d u c tiv e  
c e l l s  w ithou t change in  th e  mean g e n e ra tio n  o f  tim e o f 
th e  c e l l s .
Hermans and Barendsen ( 2 l ) ,  in  a  study  o f  
rhahdomyosarcoma in  r a t ,  concluded th a t  th e  d ecrease  in  
growth r a t e  o f t h i s  tumour was due to  a  le n g th e n in g  o f 
th e  c e l l  c y c le  toward the  c e n tre  and a d e c rea se  o f the  
growth f r a c t io n  in  b o th  th e  c e n t r a l  and th e  p e r ip h e ra l  
p a r t  o f th e  tum our, as growth p ro g ressed  from sm all 
tum ours.
F r in d e l  e t  a l .  (22) s tu d ie d  mouse fib ro sa rco m a 
(NGTC 2472) a t  v a r io u s  s ta g e s  o f i t s  n a tu r a l  h is to r y ,  
and found no change in  th e  c e l l  cycle  b u t an in c re a se  of 
th e  c e l l  lo s s  and a  d ec rea se  o f the  growth f r a c t io n  as 
growth p ro g re s se d . Tubiana (23) in  a  rev iew  a r t i c l e  
reg ard ed  th e  v a r ia t io n s  o f th e  growth f r a c t io n  and /or 
the c e l l  lo s s  f a c to r  as th e  main f a c to r ( s )  f o r  
v a r ia t io n  in  the  growth r a t e  of a  g iven s o l id  tumour. 
Benekamp (24 ,25 ) in  an a n a ly s is  o f th e  c e l l  
p r o l i f e r a t i o n  k in e t ic s  o f anim al tum ours, found n ea rly
s im ila r  growth f r a c t io n s  in  tnmo-ors (carcinom as and 
sarcom as) o f wide d if f e r e n c e s  in  the degree o f 
d i f f e r e n t i a t i o n  and d o u b lin g  t im e s . She p o in te d  out 
th a t  t h i s  m ight in d ic a te  some common l im i t in g  f a c to r ,  
such as th e  d if f u s io n  o f  m e ta b o lite s  from th e  v a sc u la r  
b ed . A g e n e ra l tendency tow ard a h ig h e r c e l l  lo s s  was 
a lso  no ted  w ith  in c re a se  o f  th e  doub ling  tim es o f 
tum ours. R e la t iv e ly  slow growing carcinom as had a lo s s  
f a c to r  in  ex cess  o f 0 ,7 0  w hile  sarcomas o f s h o r te r  
doubling  tim e had a  c e l l  lo s s  fa c to r  l e s s  th a n  0 ,3 .  
Denekamp concluded th a t  th e  c e l l  cycle  tim es determ ined 
la rg e ly  th e  o v e ra l l  growth o f sarcom as, w h ile  th e  c e l l  
lo s s  f a c to r  determ ined  la r g e ly  the  o v e ra l l  grow th o f 
carcinom as •
McCredie e t  a l ,  ( 26) ,  in  a  s tu d y  of spontaneous C3H 
mammary carcinom a and i t s  syngeneic t r a n s p la n t s ,  found 
th a t  the  r e l a t i v e  tumour volume occupied by v ia b le  
cancer c e l l s  decreased  w hile  th a t  occupied  by n e c ro tic  
c e l l s  in c re a se d  as growth p ro g re s se d . These changes 
were more obvious in  the  r a p id ly  growing 900th  
g en e ra tio n  th an  th e  spontaneous tumours which had a 
r e l a t iv e ly  uniform  d i s t r i b u t io n  of blood v e s s e l s .
These in v e s t ig a to r s  s t r e s s e d  th e  im portance o f the 
b lood supply  in  d e te rm in in g  r e ta r d a t io n  in  th e  r a te  o f 
tumour grovrth.
Burton (2 7 ) , in  a t h e o r e t i c a l  a n a ly s is  o f th e  grovrth o f 
a sphere o f c e l l s ,  showed th a t  the Gompertzian growth 
o f tumours w ith  c e n tr a l  n e c r o s is  would be ex p la in ed  by
the  e x p o n en tia l d ecrease  in  tim e of th e  p ro p o r tio n  o f 
g e n e ra tin g  c e l l s ,  form ing th e  p e r ip h e ra l  rim  and the  
lim ite d  d i f f u s io n  o f n u t r i e n t s  in c lu d in g  oxygen.
Summer (2 8 ,2 9 ) concluded from a m athem atical model o f 
tumour grow th in  tim e , t h a t  th e  k in e t ic s  o f  tumour 
growth would he determ ined  by th e  v a sc u la r  grow th and 
the  n u t r i t i o n a l  support from th e  h o s t ,
L aird  ( 19) showed by e x t r a  p o la tio n  o f th e  tumour 
growth Gompertzian cu rves back to  one c e l l ,  th a t  th e  
number o f doub lings o f  s iz e  re q u ire d  fo r  th e  tumour 
to  grow from one c e l l  to  th e  th e o r e t ic a l  upper l im i t  o f 
growth was e s s e n t i a l ly  c o n s ta n t fo r  a  v a r ie ty  o f 
tumours in  two anim al sp e c ie s  (mouse and r a t ) ,  b u t 
was o f la r g e r  va lue  f o r  r a t  th an  mouse. F urtherm ore , 
Brunt on and Vfheldon (30) in  an a n a ly s is  o f  th e  
pu b lished  d a ta  on tumour grow th in  th re e  s p e c ie s  o f 
anim als (mouse, r a t  and h am ster) showed th a t  th e  
observed p o s i t iv e  c o r r e la t io n  between th e  two 
param eters fi- and p> o f th e  Gompertz eq u a tio n  was 
co n sta n t fo r  a  given sp e c ie s  re g a rd le s s  o f  tumour type* 
These in v e s t ig a to r s  favou red  a h o s t m ediated  c o n tro l o f 
tuniour grow th r a th e r  th an  an in h e re n t s e l f - l i m i t i n g  
p ro p e rty  o f  th e  tum our. They suggested  th a t  th e  
supply o f  n e ce ssa ry  n u t r i e n t ( s )  to  the  p r o l i f e r a t i n g  
tumour p o p u la tio n  might be h o s t l im ite d  in  a s p e c if ic  
way, e i th e r  by oxygen d if f u s io n  or by th e  c a p a b i l i ty  
o f the sp e c ie s  to  develop and m ain ta in  an adequate 
v a sc u la r  supp ly  to  th e  grow ing tum our.
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The e x is te n c e  o f a p o s i t iv e  r e la t io n  between th e  tizo 
param eters  and y) o f  the  Gompertz eq u a tio n  d e sc rib e d  
by s e v e ra l  in v e s t ig a to r s  (2 6 ,3 0 ,3 1 ) would su g g es t a  
g e n e ra l f e a tu re  o f tumour growth i . e .  tum ours w ith  an 
i n i t i a l l y  ra p id  growth ( la rg e  value o ffv )  have marked 
r e ta r d a t io n  ( la rg e  value  o f ) and v ic e  v e r s a .
The im portance o f  m etabo lic  and n u t r i t i o n a l  su pport 
from th e  h o s t t i s s u e  (tumour bed) has been favoured  by 
s e v e ra l t h e o r e t i c a l  and experim en ta l w orkers ( 26, 27, 28, 
29 + s e c t io n  1#5) us a  p o s s ib le  de term in an t o f th e  
k in e t ic s  o f  tumour grow th. This would a ls o  be 
supported  by evidence fo r  th e  m o d if ica tio n  o f  tumour 
growth r a t e  as a  r e s u l t  o f p re tra n s p la n t  X - i r r a d ia t io n  
o f  the  tumour bed , d iscu ssed  in  se c tio n  1 .7*
O ther f a c to r s  which might a lso  in flu en c e  tumour gro \fth , 
in c lu d e ; h o s t immunological f a c to r s  (3 2 ,3 3 ) , v a r io u s  
n u t r i t i o n a l  d e f ic ie n c ie s  ( 34, 35, 36, 37) ,  m e tab o lic  and 
tumour n o n -s p e c if ic  b y -p ro d u cts  (3 8 ,3 9 ,4 0 ) , t i s s u e  
s p e c if ic  f a c to r s  such as C halones (41) a n d /o r c o n tac t 
in l i ib i t io n  phenomena (4 2 ,4 3 ,4 4 ) .
1*3 The E f f e c t  o f  S uccessive T ran sp lan ts  o f th e  Tumour:
I t  i s  well-known th a t  a v a r ie ty  o f tumour p ro p e r t ie s  
can change d u rin g  s e r i a l  t r a n s p la n ta t io n  w ith in  
syngeneic r e c ip i e n t s .  In  g e n e ra l , m alignancy and 
growth r a te  te n d  to  in c re a se  w ith  su cc e ss iv e  p assag es , 
t i l l  a r e l a t i v e l y  c o n s ta n t p a t te rn  i s  re a c h e d ,
Wexler e t  a l ,  ( 4 5 ) ,’'^i^^g 3 chem ically  induced and 2
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spontaneous tumours in  m ice, found v a r ia t io n s  in  th e  
tim e o f appearance and th e  r a t e  o f growth o f  the  
prim ary tum o u rs . Tumour growth in c reased  and became 
more p re d ic ta b le  w ith  s e r i a l  t r a n s p la n ta t io n .  S te e l e t  
a l .  (46) in  a  s tudy  o f a  spontaneous r a t  fibroadenom a 
(BICr/A9) found a c c e le r a t io n  b u t more uniform  growth o f 
the  tumour by s e r i a l  t r a n s p la n ta t io n .  Tlie volume 
doub ling  tim e d ecrea sed , w ith in  th e  f i r s t  10 t r a n s p la n t  
g e n e ra tio n s , to  alm ost o n e -tw e n tie th  o f th e  d o u b lin g  
tim e o f  th e  p rim ary  tum our. This was a s s o c ia te d  w ith  
p ro g re ss iv e  sh o r te n in g  of th e  c e l l  cy c le  tim e and 
re d u c tio n  o f  th e  c e l l  lo s s  f a c to r  and an in c re a s e  
in  th e  growth f r a c t i o n ,  McCredie e t  a l .  ( 26) in  a  
com parative s tu d y  o f C3H spontaneous maiimary carcinom a 
and i t s  f i r s t  and 900th  g en e ra tio n  sjcigeneic t r a n s p la n t s ,  
found th a t  th e  i n i t i a l  r a t e  o f grovrth and th e  
r e ta r d a t io n  which su b seq u en tly  occu rred , in c re a se d  w ith  
t r a n s p la n ta t io n .  These changes were c o r r e la te d  w ith  
the  observed  h i s to lo g ic a l  changes in  the  r e l a t i v e  
volume o f can ce r c e l l s  and n e c ro s is  th a t  o ccu rred  w ith  
t r a n s p la n t a t io n .
The changes in  tumour p ro p e r t ie s  and b e h a v io u r , w ith  
p re s e rv a tio n  o f  th e  o r ig in a l  h is to lo g ic a l  type  have 
been e x p la in ed  by p o s s ib le  c e l l  s e le c t io n  o f  c e l l s  
hav ing  th e  g r e a te r  p o t e n t i a l i t y  fo r  ra p id  grow th even 
under poor n u t r i t i o n a l  su p p ly , o r on th e  b a s is  o f 
changes in  th e  tumour s p e c i f ic  an tig en s  by su ccess iv e  
t r a n s p la n ts  (4 7 ,4 8 ,4 9 ,5 0 )»  On the o th e r hand , th e
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tendency  to  change from carcinom a type to  sarcom a type 
has been re p o r te d  in  some anim al tumours and c u ltu re d  '
c e l l s  (5 1 ,5 2 ,5 3 ,5 4 ) .
Rooki'ïôll e t  a l .  ( 51) d e s c r ib e !  th e  diam orphic
h is to lo g ic a l  appearance o f KHJJ tumour, w ith  carcinom a­
l ik e  and sa rco m a-lik e  r e g io n s .  However by th e  30th 
t r a n s p la n t  g e n e ra tio n , th e  ca rc in o m a-lik e  p a t te r n  was 
only r e ta in e d ,  w ith  in c re a s in g  a n a p la s ia , c e l l u l a r  
v a r i a b i l i t y ,  and ra p id  growth th ro u ^ i the  l a t e s t  
p a ssa g es . These in v e s t ig a to r s  succeeded in  se p a ra tio n  
o f th e  sa rco m a-lik e  elem ent as the  M T6 tumour l i n e .
Begg ( 52) has a ls o  observed  th a t  th e  s e r i a l l y  
tra n s p la n te d  mouse tw io u r NTl changed from an e p i t h e l i a l  
appearance , th rough  th a t  o f a  mixed h is to lo g y , to  be ing  
o f f ib ro u s  s t r u c t u r e . These changes were a s s o c ia te d  
w ith  p ro g re s s iv e  d ecrease  o f th e  growth r a t e ,  an 
in c re a se  o f  th e  mean c e l l  c y c le  time and d i f f e r e n t  
response to  i r r a d i a t i o n .  The decrease  in  grow th r a t e  o f 
th a t  tumour seems to  be an excep tion  to  th e  f in d in g s  o f  
o th e r in v e s t ig a to r s .
The change from carcinom atous type to  sarcom atous type 
has been e x p la in ed  by an a c tu a l  tra n s fo rm a tio n  o f the  
tumour c e l l s  from one type to  th e  o th e r  o r on th e  b a s is  
th a t  th e  prim ary tumour i s  diam orphic w ith  carcinom a- 
l ik e  and sa rco m a-lik e  com ponents, w ith  subsequen t 
random s e le c t io n  in  favoour o f the  sarco m a-lik e  
com ponents.
In  g e n e ra l , th e re  are  changes in  the  tumour k in e t ic s
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d u rin g  su cc e ss iv e  t r a n s p la n ts  and hence th e  o b ta in ed  
r e s u l t s  o f experim ents perform ed a t  d i f f e r e n t  t im e s .
This would e n t a i l  th e  use f o r  r a d io b io lo g ic a l  
ex p erim en ts , e i th e r  o f e a r ly  t r a n s p la n ts  w ith  the  
l e a s t  d e v ia t io n  from the  spontaneous s t a t e  o r th e  use 
of l a t e  tumour subpassages a f t e r  re a c h in g  th e  
r e l a t i v e ly  c o n s ta n t p a t te rn  o f  growth and k i n e t i c s .
1 ,4  A n tig e n ic ity  o f E xperim ental Tumours;
The im m unological problem s in  ex perim en ta l tumours have 
been m entioned by s e v e ra l  in v e s t ig a to r s ,  w ith  re s p e c t  to  
the  d i lu t io n  assays ( 5 ,6 ) ,  tumour growth (1 6 ,2 0 ,3 2 ) and 
th e  b io lo g ic a l  behaviour th rough  su cc e ss iv e  
tr a n s p la n ta t io n s  (4 5 ,4 7 ,4 8 ,4 9 ,5 0 ) . H ew itt e t  a l .  ( i l )  
and Kallrnan e t  a l .  (5) r a i s e  th e  q u e s tio n  o f th e  
v a l id i t y  o f u s in g  tumours o th e r  than  th o se  w ith o u t 
a n t ig e n ic i ty  fo r  b io lo g ic a l  mid r a d io b io lo g ic a l  
experim ents to  avoid immunity as a  m odifying f a c to r  o f 
the  o b ta in ed  r e s u l t s .
T his a n t ig e n ic i ty  i s  w e ll documented in  v iru s - in d u c e d  
and chem ica lly -in d u ced  tum ours (5 5 ,5 8 ) . But d e sp ite  
re p o rte d  immunity to  a number o f spontaneous tumours 
( 57, 58) most workers cou ld  n o t f in d  ev idence  o f 
immunogenicity in  tumours o f  spontaneous o r ig in  ( l l ,
5 9 ,60).
C3H mammary carcinom a is  known to  be o f v i r a l  o r ig in  and 
to  c a r ry  a s p e c if ic  a i t ig e n ( s )  which evokes o n ly , a 
fe e b le  im m unological re sp o n se  in  mammary tumour agent
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n e g a tiv e  mice (KTA-) and an even weaker o r no response 
in  MTA p o s i t iv e  mice ( 61, 62 , 63) ,  Im m unization was 
p o ss ib le  in  MTA— mice bu t n o t in  MTA^  mice ( 61) ,
However, S u it and K aatelan  ( 64) found th a t  weak 
a n t ig e n ic i ty  in  MTA- mice had no e f f e c t  on th e  number o f 
tumour c e l l s  to  be k i l l e d  by ra d ia t io n  to  ach ieve  lo c a l  
c o n tro l o f th e  tumour, i ^ e .  th e  TCD^^s were th e  same in  
non-imrnunized and immunized MTA- mice (5205 and 5216 
rad s  r e s p e c t iv e ly ) ,
1 ,5  Tumour V a sc u la r ity
H is to lo g ic ;  m ic ro an g io g rap h ic , A lg ire  cham ber, ch ick  
c h o r io a l la n to ic  membrane and r a t  d o rs a l  a i r - s a o  te ch n ic s  
(65 , 66 , 67 , 68 , 69, 70, 71, 72) have been used f o r  in te n s iv e  
s tu d ie s  o f th e  v a sc u la r  a r c h i te c tu r e  o f tum ours, Rubin 
and C a s a re t t  ( 65, 66) concluded , a f t e r  a n a ly s is  and 
rev iew ing  th e se  te c h n ic s  th a t  the  m ic ro s irc u la t io n  o f  
tumours r e p re s e n ts  an a c t iv e  growth from th e  p re -e x is t in g  
h o s t blood v e s s e ls  w ith  a  s p e c i f ic  v a s c u la r  a rb o r iz a t io n  
p a t te rn  f o r  each tumour which i s  in h e re n t to  the tumour 
and n o t th e  s i t e  of grow th. The fo llo w in g  anatom ical 
p a t te rn s  o f tumour c i r c u la t io n  have been su g g ested  by 
Rubin and C a s s a r e t t ;—
1 — p e r ip h e ra l  v a s c u la r iz a t io n  w ith  p e n e tr a t in g  
v e s s e ls  ;
i i  -  p e r ip h e ra l  v a s c u la r iz a t io n  w ith o u t p e n e tra t in g  
v e s s e ls  ;
a n d i i i  — c e n t r a l  v a s c u la r iz a t io n .
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Tumour v a s c u la r i ty  i s  im p e rfec t ( 65, 66, 67, 68) and 
m ainly c o n s is ts  of i r r e g u la r ,  incom plete  channels  w ith  
a rte r io v e n o u s  shun ts  and s in u so id a l spaces and although  
i t  may appear adequate an a to m ica lly , i t  i s  l e s s  
e f f e c t iv e  f u n c t io n a l ly  le a d in g  to  slow, s lu g g ish  
c i r c u la t io n  w ith  m u ltip le  a re a s  of n e c r o s is .  The 
p ro p o r tio n  and d i s t r i b u t io n  of th e se  a re a s  r e f l e c t  th e  
s ta t e  of tumour oxygenation  and hypoxia in  d i f f e r e n t  
p a r ts  of th e  tumour (7 3 ) . The absence of n e c ro s is  in  
slow grovdng spontaneous G3H mammary carcinom a has 
been a t t r ib u te d  by McCredie e t  a l ,  ( 26) to  i t s  
r e l a t i v e l y  uniform  d i s t r i b u t io n  of th e  b lood supply, 
in  com parison w ith  th e  r a p id ly  growing syngeneic 
t r a n s p la n ts  which outgrew  t h e i r  b lood  su p p ly .
The oxygenation  s ta tu s  of a tumour depends on th e  
balance  between th e  tumour demands f o r  th e  a v a ila b le  
oxygen and th e  fu n c tio n a l  adequacy of tumour v a s c u la r i ty .  
The l a t t e r  i s  a  fu n c tio n  of th e  numbers of th e  p a te n t 
blood v e s s e ls  p e r u n i t  volume of th e  tumour and th e  
adequacy of th e  b lood flow  in  them . The blood flow  can 
be im paired  by com pression and o c c lu s io n  of th e  blood 
v e s s e ls  or excess c a p i l l a r i e s  th an  th e  blood supply  (6 8 ), 
The response  of tumour blood supply to  v a s o c o n s tr ic to r  
and v a s o d i la to r  d rugs has  been d iscu ssed  by some w orkers 
(74, 75) and th e  changes in  th e  blood flow  induced  by 
s t r e s s  and a n a e s th e s ia  have a lso  been re p o r te d  ( s e c t io n
2 . 5 . 4) .
The th e o r e t ic a l  c o n s id e ra tio n  and h i s to lo g ic a l
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o b serv a tio n  o f Thoralinson and Gray (73) and th e  c a re fu l  
s tu d ie s  o f Tannook (76) co n ce rn in g  the  r a t e s  o f  c e l l  
p r o l i f e r a t io n  a t  d i f f e r e n t  lo c a t io n s  in  th e  tumour cords 
have shown a  l im ite d  range o f about 150/1 f o r  th e  
d if fu s io n  o f oxygen w ith  a  f a l l i n g  g ra d ie n t in  the 
tumour co rd s  away from th e  c a p i l l a r y  w a l l .  Beyond th i s  
range the  tumour c e l l s  w i l l  be under hjrpoxio c o n d itio n s , 
out of c e l l  d iv is io n  and end in  n e c ro tic  a r e a s .
Tannock (77)» Tannock and H ayashi ( 78) su g g ested  th a t  
the r a te  o f tumour growth i s  l im ite d  p robab ly  bo th  by 
lo s s  o f c a p i l l a r y  fu n c tio n  caused  by b lood s t a s i s  and 
th e  r a te  o f p r o l i f e r a t i o n  o f  e n d o th e lia l  c e l l s  which a re  
n o t d e riv e d  from a  f a s t e r  p r o l i f e r a t i o n  p re c u rso r  
po p u la tio n  w ith  tu rn o v e r tim e o f  a  few m onths.
S evera l t r a n s p la n te d  tum ours have been shoiai to  su rv iv e  
and grow to  a  l im ite d  volume on sim ple d if fu s io n *
Greene (79) observed  th a t  sm all tumours im plan ted  fo r  
more than  a y e a r  in  th e  a n te r io r  chamber o f the  guinea 
p ig  eye would n o t co n tin u e  growth due to  th e  absence o f 
v a s c u la r iz a t io n .  VJhen th e se  tumours were re  im planted in  
th e  muscle o f a  r a b b i t ,  th e y  grew to  a  la rg e  s iz e  due to  
v a s c u la r iz a t io n .  Folkman e t  a l .  (80) found th a t  
im planted tum ours in  i s o la te d  p e rfu sed  organs grew to  a  
lim ite d  s iz e  (3—4 mm). U sing the  A lg ire  chamber te ch n ic  
(67, 68) ,  venous v a sc u la r  in v as io n  was n o tic e d  3-5 days 
a f t e r  t r a n s p la n t ,  fo llow ed  by a r t e r i a l  supp ly  in  1-3 
da^'-s, c o in c id in g  w ith  th e  s t a r t  o f grovrth. Knighton e t  
a l .  ( 72) ,  in  a s tudy  o f W alker 256 carcinosarcom a
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im planted on ch ick  c h o r io a l la n to ic  membrane, observed 
th a t  the tumours rem ained a v a sc u la r  f o r  3“ 4 days a f t e r  
which they  were surrounded and p e n e tra te d  by new blood 
v e s s e ls  from th e  h o s t v a s c u la tu r e . The a v a sc u la r  phase 
supported  the  tumour up to  1 mm s iz e ,  which c o n s is te d  o f 
c e n tr a l  n e c r o s is ,  su rrounded  by a p e r ip h e ra l  rim  of 
p r o l i f e r a t i n g  tumour c e l l s .  A phase o f ra p id  grovrth 
began a f t e r  th e  tumour became v a sc u la r iz e d  w ith  the  
d isap p earan ce  o f th e  c e n t r a l  n e c ro s is  a t  f i r s t  • As th e  
tumour approached 3-4 mm, c e n t r a l  n e c ro s is  re a p p ea re d . 
Tumour induced v a s c u la r iz a t io n  appears to  b e  a  n ecessa ry  
event in  th e  p ro g re ss io n  o f  th e  growth o f m aligaan t 
tum ours. They e s ta b l i s h  th e  blood supply  needed fo r  
f u r th e r  growth by s e c re t io n  o f tumour an g io g en es is  
fa c to r  (TAF) which caiASes n e o p ro l i f e r a t io n  o f  h o st 
v a sc u la r  endothelium  and grow th o f h o s t v e s s e ls  in to  the  
tumour ( 70 , 71, 81) .
1 .6  H is to p a th o lo g io a l Changes in  Tumour V ascu la tu re  
Follow ing I r r a d ia t io n s
Changes in  p e rm e a b ility  o f th e  sm all v e s s e ls  have been 
dem onstrated  s h o r t ly  a f t e r  i r r a d ia t io n  ( 82 , 83 , 84, 85) .
The b lue  f lu s h  over th e  i r r a d ia te d  d e p i la te d  f la n k s  
appeared w ith in  two hours a f t e r  in je c t io n  o f a  v i t a l  
dye (Pontam ine Sky B lue) in to  the  m arg inal v e in  o f 
r a b b i ts  and was more ap p aren t a t  in te r v a ls  o f 1, 9 
and 16 days a f t e r  1200 o r  2000 r  s u p e r f ic ia l  X -rays ( 82), 
ThomIbison ( 84) re p o r te d  th e se  changes in  3 hours a f t e r
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4000 rad s  which c le a re d  in  48 h o u rs . Song and L e v it t  
( 85) ,  Song e t  a l ,  ( 86) u s in g  la b e l le d  re d  blood
125c e l l s  and I - l a b e l le d  plasm a p ro te in  in  s tu d ie s  o f 
v a sc u la r  changes in  Walker 256 carcinom a o f r a t s  
fo llo w in g  X - i r r a d ia t io n ,  found in c reased  p e rm e a b ility  
on th e  f i r s t  day a f t e r  i r r a d i a t i o n  w ith  2000 o r 3000 R. 
This re tu rn e d  to  th e  c o n tro l  le v e l  on th e  second day 
and co n tin u ed  to  d ecrease  to  th e  low est le v e l  by 12 
d ay s . Then g radua l reco v ery  was found from I 5 days, 
w ith  an in c re a se d  p e rm e a b ility  again a t  27 days 
p o s t i r r a d ia t io n .  They a ls o  found a ra p id  d ecrease  o f 
th e  in t r a v a s c u la r  volume o f tumours d u rin g  th e  f i r s t  
few d ay s, re a ch in g  a low est le v e l  by 11 o r  12 days 
d u rin g  which tim e th e  tumours were undergo ing  re g re s s io n  
then  g rad u a l recovery  from 15 days; bu t th e  
in t r a v a s c u la r  volume rem ained sm a lle r than  th e  c o n tro l 
tumours a t  27 days p o s t i r r a d ia t io n .  Merwin e t  a l .  ( 87) ,  
u s in g  mouse mammary carcinom a in  th e  o r ig in a l  type o f 
A lg ire  cham ber, concluded th a t  th e  endothelium  was 
r a r e ly  ab le  to  produce new v e s s e ls  w ith in  th e  
i r r a d ia te d  volume of tumour a f t e r  2000 o r 3000 rad s  a t  
the tim e o f regrovrth . They a lso  re p o rte d  th e  
r e u t i l i z a t i o n  o f the p r e - e x is t in g  c a p i l l a r i e s  to  
support th e  regr-owth w ith  g rad u a l s t a s i s  in  th e se  
v e s s e ls  fo llow ed  by th rom bosis and a new wave o f 
n e c ro s is  o f the  tum our. Thomlinson and. Crafdock (88), 
u s in g  the  chorr.ically induced fib rosarcom a HIB5 in  r a t s ,  
observed c a p i l l a r y  th rom bosis a sso c ia te d  in  tim e w ith
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th e  regro^vth of th e  tum our, w ith  a  second wave o f d e lay  
when th e  tum ours grew up to  and beyond th e  s iz e  a t which 
th e y  were i r r a d i a t e d .  R u b in 's  co n c lu s io n s  (89) from h is  
s tu d ie s  of th e  m ic ro c irc u la tio n  of tum ours a re  th a t  th e  
p ro g re s s iv e  d e s t r u c t io n  of tumour c e l l s  p reced es  th e  
c a p i l l a r y  changes, and months l a t e r  c a p i l la r y  
endothelium  f a i l s  to  p r o l i f e r a te  when th e re  a re  demands; 
hence v a sc u la r  f a i l u r e  æid ano ther wave of c e l l  d ea th  
o c c u rs . B recher and Tessmer ( 90) re p o r te d  th a t  th e  
l a t e  v a sc u la r  damage became ev id en t h i s to lo g ic a l ly  
about 2—3 months a f t e r  a  s in g le  dose of 2000 ra d s
or cum ulative doses of s im ila r  m agnitude. T his 
damage in c lu d e s  e n d o th e l ia l  sw e llin g , h y a lin e  
th ic k e n in g  of in tim a , o cc lu s io n  and frag m e n ta tio n  of 
blood v e s s e l s .  The h y p o th e s is  of l a t e  e x p re ss io n  of 
th e  v a sc u la r  damage a f t e r  i r r a d i a t i o n  i s  shared  by 
se v e ra l in v e s t ig a to r s  (78 , 88, 89) and s tre n g th en e d  by 
th e  f a c t  t h a t  th e  e n d o th e l ia l  c e l l s  a re  d e riv e d  from a 
slow ly  d iv id in g  p re c u rso r  p o p u la tio n  w ith  a tu rn o v e r  
tim e of a few months (77)» Ro in c re a se  of thym idine 
l a b e l l in g  in d ex  was d e te c te d  up to  3 weeks a f t e r  2000 
ra d s  no r up to  2 weeks a f t e r  4OOO ra d s  i r r a d i a t i o n  of 
m uscle, sk in  or bone (78) bu t an in c re a se  was observed 
a t 40 to  70 days a f t e r  2000 ra d s  i r r a d i a t i o n  to  th e  
h e a r t  of r a b b i t s  ( 9I ) .
Rubin and C a sa re tt (66) u s in g  c o r r e la t iv e  
m icroang iograph ic  and h is to lo g ic a l  te ch n iq u es  in  
tra n s p la n te d  r a t  tum ours, have d e sc rib ed  a
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'B u p e rv aB o u la r iza tio n * phenomenon 4 days a f t e r  
i r r a d ia t io n  a s s o c ia tio n  w ith  tumour r e g re s s io n .  They 
a lso  found th a t  a dose o f 1500 r  produced more 
frag m en ta tio n  and o cc lu s io n  o f  the f in e  v a sc u la tu re  i f  
i t  was g iven  as a  s in g le  dose than  as 3 f r a c t io n s  
(500 r  X 3) • Reinhold ( 67) ,  u s in g  s h e e t - l ik e  mouse 
mammary tumour in  a m o d if ic a tio n  o f the  A lg ire  chamber 
system , has a lso  d e sc rib ed  in c re ase d  v a sc u la r  d e n s ity  
and improvement o f blood flow  w ith  d a i ly  f r a c t io n s  of 
576 rad s  a t  the seventh  day when the  tumours have ju s t  
re g re sse d  beyond the  i r r a d ia te d  s i z e .  Sacki e t  a l .
( 92) ,  u s in g  m icroang iograph ic  s tu d ie s  o f C3H mouse 
mammary carcinom a, found th a t  the  v a s c u la r iz a t io n  
p a t te rn  o f e i th e r  tumours tra n s p la n te d  in to  a  tumour 
bed p re v io u s ly  i r r a d ia te d  w ith  3300 rad s  o r o f tumours 
which re c u rre d  a f t e r  4000 r a d s ,  were b a s ic a l ly  the same 
bu t s c a t te r e d  and le s s  r i c h  and f in e  compared w ith  the  
n o n - tre a te d  tum ours. They concluded th a t  th e  
p r o l i f e r a t i v e  c ap a c ity  o f th e  e n d o th e lia l c e l l s  was 
im paired by i r r a d i a t i o n .  M cA lister and M argulis (93) 
s tu d ie d  th e  v a sc u la r  changes in  5 d i f f e r e n t  types o f 
mouse tumours by angiography fo llo w in g  v a rio u s  doses o f 
X - ir ra d ia t io n  and concluded th a t  the  tim in g  and dose fo r  
v a sc u la r  changes v a r ie d  acco rd in g  to  the  type of tum ours. 
Rubin ( 94) exp ressed  the o p in ion  th a t  f r a c t io n a te d  
i r r a d ia t io n  should  le ad  to  re g re s s io n  o f tumours w ith 
p re se rv a tio n  o f v a s c u la tu re , as ra p id  o b l i te r a t io n  of 
v a sc u la tu re  can in c rease  fo c i  o f lypoxio  tumour c e l l s
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w ith in c re a se d  r a d io ré s is ta n c e  and inc idence  o f 
n e c ro s is  and re c u r re n c e s ,
1 .7  The R e s t r a in t  o f T ran sp lan ted  Tumour Growth in
P rev io u s ly  I r r a d ia te d  S i te s  ’•Tumour Bed Effect**;
Tumour bed e f f e c t  (TBS) s tu d ie s  have a lso  p rovided  
u s e fu l in fo rm atio n  on th e  complex in te ra c t io n  between 
tumour c e l l s  and norm al t i s s u e  strom a in  s o l id  tumours 
and th e  e f f e c t s  o f io n iz in g  i r r a d ia t io n  on th e  blood 
v e s s e ls  •
D esp ite  th e  p o s s ib le  d if f e r e n c e s  between th e  e f f e c t s  o f 
i r r a d ia t io n  on a lread j'' e s ta b lis h e d  p r o l i f e r a t i n g  tumour 
v a s c u la r i ty  and un s tim u la te d  q u ie scen t norm al 
v a s c u la r i ty  in  p re v io u s ly  i r r a d ia te d  g r a f t  s i t e s ,  th e  
fo llo w in g  c o n c lu s io n s  have been reached;
1 -  In  s e v e ra l  anim al experim ents no s ig n i f ic a n t  TBS
was d e te c te d  w ith  doses o f 500 rad s  o r  le s s  and 
reached  maximum w ith  s in g le  doses between 15OO and 
3000 ra d s  ( 95 , 96, 97) ;
2 -  TBE was d e te c ta b le  as e a r ly  as a few days a f t e r
i r r a d i a t i o n  (95j 97) a:nd p e rs is te d  undim inished 
fo r  many months a fte rw ard s  ( 95*96) ;
3 ”  TBS d id  n o t in c rease  th e  number of c e l l s  re q u ire d  to
produce tumours in  o f the s i t e s  (TD^^) ( 95*98,
99);
4 ”  TBS d id  n o t a f f e c t  the  l a te n t  perio d s  ( s e c tio n
1 . 1 . 2) in  some anim al tumours ( 95) j w hile  i t  
pro longed the  l a te n t  p e rio d  in  o th e rs  ( 97*98, 100) ;
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5 — TBE le d  to  a  slow r a t e  of tumour growth. (95*97*99*
lOO), H eivitt and Blake (9 5 )  found th a t  th e  s lope  of 
tumour growth a t th e  pre—ir r a d ia te d  s i t e s  was n e a r ly  
h a l f  th a t  o f th e  c o n tr o ls .  T his was independent of 
th e  age of th e  h o s t animal and th e  i n t r i n s i c  growth 
r a t e s  of th e  tum ours th e y  s tu d ie d . They a lso  
observed no growth r e s t r a i n t  u n t i l  th e  tum ours 
approached a s iz e  a t l e a s t  1 mra^  and suggested  th a t  
m icrotum ours can o b ta in  t h e i r  n u t r i t i o n a l  
req u irem en ts  by d i f f u s io n  from th e  e x is t in g  v e s s e ls .  
I t  appears th a t  damage to  th e  h o s t v a s c u la r i ty  end 
su p p o rtiv e  t i s s u e  i s  th e  cause of TBE. Summers ( 29) 
concluded th a t  th e  low er growth r a te  of tum ours growing 
in  p re —ir r a d i a t e d  s i t e s  r e s u l t s  from a  d ecrease  in  th e  
a v a i l a b i l i t y  o f th e  n u t r i e n t s  n ecessa ry  f o r  c e l l  
d iv is io n .  C l i f to n  and J i r t l e  (99 ) concluded from t h e i r  
s tu d ie s  o f MTG—B mammary adenocarcinoma g ra f te d  in  C3H 
m ice, th a t  th e  i n h ib i t i o n  of new v a sc u la r  growth brought 
about by i r r a d i a t i o n  of th e  g ra f t  s i t e  was r e f le c te d  in  
an in c re a s e  i n  tumour c e l l  d eath  w ith  l i t t l e  or no 
change in  th e  p r o l i f e r a t i v e  r a te  w ith in  th e  v ia b le  
t i s s u e  c e n tr e s .  They p o in ted  out th a t  many i r r a d ia t e d  
e n d o th e l ia l  c e l l s  r e ta in e d  fu n c tio n a l c a p a b i l i ty  
a lthough  th e y  had lo s t  rep ro d u c tiv e  c a p a c ity  and th a t  
growth could  occur a long  p re -e x is t in g ,  non—growing 
c a p i l l a r i e s  a t reduced r a te  of grow th, J i r t l e  e t  a l ,  
( l o i )  found th a t  th e  blood flow  of ïiîT'4' 9^B mammary 
adenocarcinom a growing in  r a t  mammary g lands p re v io u s ly
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exposed to  1500 rad s  X -ray s , was 52^ th a t  o f the same 
s ize d  tum ours in  uni r r a d ia te d  h o s t t i s s u e s .  They 
suggested  th a t  th i s  re d u c tio n  in  the tumour b lood  flow  
might be th e  cause  o f TBS,
1 .8  The Hypoxic Tumour C e l l s î
Oxygen c o n c e n tra tio n  s tro n g ly  in flu en c es  th e  
rad io sen s  i t  i v i t y  to  low LET r a d ia t io n .  Anoxic c e l l s  a re  
2-3 tim es more r a d io r e s i s t a n t  than w ell oxygenated c e l l s  
and th e  r a d io s e n s i t iv i t y  o f  th e se  c e l l s  can be in c re ase d  
by oxygen ( l0 2 -1 0 6 ) . The anoxic c e l l s  a re  found to  
modify th e  shape and th e  s lo p e  o f the r a d ia t io n  
dose—resp o n se  curve o f a com posite c e l l  p o p u la tio n  o f 
anoxic and ox ic  c e l l s  ( 107- 111)•
Hypoxia, s p e c ia l ly  when ch ro n ic  o r p ro longed , can le ad  
to  a  s h i f t  o f  th e  c e l l s  from th e  c y c lic  to  the  
n on -cyo lio  (76 ,112 ,113 ,114) a^id i t  seems a ls o  to  im pair 
t h e i r  c a p a c ity  fo r  reco v ery  from su b lo th a l damage 
( I I 5- I I 8 ) .  On th e  o th e r  hand, hypoxic c e l l s  can r e p a i r  
p o te n t ia l ly  l e th a l  damage (PLD) more e f f i c i e n t l y  than  
w ell oxygenated c e l l s  (119^121), Hence improvement of 
the  oxygenation  s ta tu s  o p e ra te s  in  two o p p o s ite  
d i r e c t io n s ;  i t  enhances k i l l i n g  o f i n i t i a l l y  hypoxic 
c e l l s  by in c re a se d  r a d ia t io n  s e n s i t i v i t y  and impairment 
o f r e p a i r  o f PID, w hile i t  le ad s  to  more r e p a i r  o f 
s u b le th a l  damage and ra p id  p r o l i f e r a t io n  o f th e  
su rv iv in g  reoxygenated  c e l l s .
Numerous an im al s tu d ie s  have confirm ed th e  e x is te n c e  o f
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hypoxic c e l l s  in  many, i f  n o t a l l  exp erim en ta l animal 
tumours (1 2 2 ) . Most w orkers b e lie v e  th a t  a  s ig n i f ic a n t  
p ro p o rtio n  o f  c e l l s  in  a tumour would be l ik e ly  to  e x is t  
a t  le v e ls  o f oxygen te n s io n  low enough to  g iv e  them
■i
p ro te c t io n  r a d ia t io n  damage, y e t rem ain  clonogenic
when i r r a d i a t e d .  Such c e l l s  would be s ig n i f io a n t ly
more r a d io r e s i s t a n t  than  w e ll oxygenated tum our c e l l s
arid would be l ik e ly  to  su rv iv e  doses cap ab le  o f
e ra d ic a t in g  th e  r e s t  of th e  tumour c e l l s  and re  popu la te
and regrow  tumours when t h e i r  oxygen supply  i s  r e s to r e d .
These hypoxic c e l l s  a re  c o n s id e red  to  be one o f  the
main f a c to r s  a f f e c t in g  tumour c u r a b i l i ty  by
ra d io th e ra p y  and the  expected  in flu en ce  o f  a  v e ry  sm all
p ro p o rtio n  o f  hypoxic c e l l s  on th e  cu re  p ro b a b i l i ty  o f
a  tumour has been d iscu ssed  by s e v e ra l w o rk e rs , S u it
( 123) su g g es ted  th a t  ifo hypoxic c e l l s  w i l l  r a i s e  the
6from 5960 to  10,800 ra d s  in  a  tumour o f  10 c e l l s  
t r e a te d  by 30 equal f r a c t i o n s ,  Sambrook ( l2 4 )  
suggested  th a t  Y^ o anoxic c e l l s  p re sen t in  th e  tumour 
would soon dom inate th e  response  p a tte rn  and determ ine 
th e  u l t im a te  su rv iv in g  f r a c t i o n s ,  Thomlinson ( l2 5 )  
e s tim a te d  th a t  a p ro p o rtio n  o f hypoxic c e l l s  o f  le s s  
than  1 in  10^ would ju s t  n o t a f f e c t  the s iz e  o f  the 
s in g le  dose n ecessa ry  to  s t e r i l i z e  a l l  th e  c e l l s  in  
such a tum our, Thomlinson (126) c a lc u la te d  th e  upper 
l im i t  o f th e  p ro p o rtio n  o f hypoxic c e l l s  in  a  tumour 
which would reduce the  chance o f cure i f  exceeded, 
to  be l$b fo r  X -rays and 6^ fo r  f a s t  n e u tro n  w ith  an
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OSR (oxygen enhaacoment r a t i o )  o f 3 and 1*7 
r e s p e c t iv e ly .  F ie ld  (127) in  a schem atic  dem onstration  
o f th e  e f f e c t s  o f liypoxic c e l l s  on th e  re sp o n se  of 
tumours to  s in g le  doses o f X -ray s , showed th a t  Yfo 
ly p o x ic  c e l l s  would r a i s e  th e  c u ra t iv e  dose from 1500 
rad s  I when a l l  the  c e l l s  a re  w ell oxygenated , to  3650 
rad s  and on ly  sm all f u r th e r  in c re a se s  in  dose a re  
re q u ire d  f o r  10$^  and lOOÿ hypoxic c e l l s  i . e .  4140 rad s  
and 4410 ra d s  r e s p e c t iv e ly .  Fow ler e t  a l .  (128) in a  
th e o r e t ic a l  m odel, c a lc u la te d  the  s in g le  doses th a t  a re  
re q u ire d  to  g ive 90^  chance o f "cu re" o f a  tumour o f  
75 mm d iam ete r to  he 4300 ra d s  i f  a l l  the  c e l l s  were 
w ell oxygenated , 8000 rad s  i f  lÿ  o f th e  c e l l s  were 
hypoxic and 10,000 ra d s  i f  a l l  the  c e l l s  were hypoxic .
A s in g le  dose o f 4300 ra d s  would g ive  t h i s  p ro b a b i l i ty  
o f cu re  o f  a  tumour o f  3 mm d iam eter w ith  Yfo hj^poxic 
c e l l s  and 0 .6  mm d iam eter i f  a l l  th e  c e l l s  were hypoxic. 
S ev era l m athem atica l a n a ly s is  and models have been used 
fo r  e s tim a tio n  o f th e  p ro p o r tio n  o f hypoxic c e l l s  in  
v a rio u s  tumour system s, i r r a d ia te d  under hypox ic , a i r  
o r h ig h  p re s su re  oxygen b re a th in g  c o n d i t io n s .  These 
analysi^s and models have been a p p lie d  to  lo c a l  c o n tro l 
"cu re" d a ta  (9 ,129 ,130 ) grow th d e lay  cu rv es  (8 8 ,1 3 1 ), 
c e l l  s u rv iv a l  in  v iv o -v i t ro  assays (132-134) an d /o r ItL 
v iv o -v i t ro -v iv o  assays (1 0 8 ) . E s tim a tes  o f  th e  hypoxic 
c e l l  f r a c t io n  in  th ese  tumour system s have ranged from 
Yfa to  g r e a te r  than  50$ü ( l2 2 )  •
R ecen tly , s e v e ra l  p u b lish ed  papers have drawn a t te n t io n
2 6
to  the  d isc rep an cy  in  th e se  e s tim a te s  in  th e  same 
turn OUI' system , u sin g  d i f f e r e n t  a s sa y s . McNally ( l3 2 , 
134) iu  s tu d ie s  on a r a t  f ib ro sa rco m a, has shown th a t  
the m odifying e f f e c t  o f oxygen and r a d ia t io n  q u a li ty  on 
tumour growth delay  and on c e l l  su rv iv a l in  v i t r o  a f t e r  
i r r a d ia t io n  in  v ivo  were n o t th e  same, McNally (133) in  
a  study o f sarcoma f  in  CBA mice found a lso  q u ite  a  
d i f f e r e n t  e s tim a te  o f th e  hypoxic f r a c t io n ,  u s in g  
growth d e lay  and tumour c e l l  s u rv iv a l in  v i t r o  a f t e r  
i r r a d ia t io n  in  v iv o . E s tim a te s  o f le s s  th an  10^ and in  
excess o f  were found r e s p e c t iv e ly .  H i l l  and Fowler 
( 131) in  a  s tu d y  o f squamous c e l l  carcinom a D, growing 
in  WHT/nt m ice, p re v io u s ly  found to  have idfo hypoxic 
f r a c t io n  by in  v i t r o  assay  (6 ) ,  e stim ated  a wide range 
of hypoxic f r a c t io n  between 10^ and 100^ u s in g  3 
d i f f e r e n t  methods o f a n a ly s is  of the  growth d e lay  
curves o f  t h i s  tum our, McNally and Sheldon (l3 5 )  an 
a n a ly s is  o f  th e  response  o f  a n a p la s t ic  MT tum our, u s in g  
3 d i f f e r e n t  assao’^ s (tum our c u re , c e l l  s u rv iv a l  in  v i t r o  
a f t e r  i r r a d i a t i o n  in  v ivo  and growth d e lay ) a lso  
e s tim ated  a wide range o f  hypoxic f r a c t io n  between 59^  
and over 50^» The tumour bed e f f e c t ,  e s p e c ia l ly  from 
v a sc u la r  damage ( s e c tio n s  1 ,6 ,1 ,7 )  may c o n tr ib u te  to  th e  
grovrth d e lay  o f the  tumour a f t e r  i r r a d i a t i o n ,  which has 
been assumed to  be p r im a r i ly  a r e f le c t io n  o f th e  le th a l  
e f f e c t  of r a d ia t io n  on th e  tumour c e l l s  (88) . There is  
a lso  the p o s s ib i l i t y  th a t  th e  immediate p o s t - i r r a d ia t io n  
environm ent c r i t i c a l l y  a f f e c t s  th e  f a te  o f i r r a d ia te d
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c e l l s  and th e  rem oval o f th e se  c e l l s  from in  vivo  to  in  
v i t r o  assays may change th e  co u rse  o f ev en ts  in  th e  
undisturbed, tumours ( l3 2 ) .
McNally and Sheldon (135) p o in te d  out th e  erroneous 
con clu sio n s  from the  use o f a  s in g le  assay  o f  r a d ia t io n  
response a lone  and th e  u s e fu ln e s s  in  u s in g  s e v e ra l 
methods o f r a d ia t io n  response  assays in  th e  same tum our.
1 ,9  The Phenomenon o f  R eo x y g en a tio n :
A p rocess o f "Reoxygénâtion" occurs when th e  number o f 
hypoxic c e l l s  in  th e  tumour d ecreases  more ra p id ly  than  
would be expected  on th e  b a s is  o f r a d ia t io n  k i l l i n g  o f 
hypoxic c e l l s .  The im portance o f th i s  phenomenon is  
r e la te d  to  th e  re d u c tio n  o f  th e  number o f hypoxic c e l l s  
a f t e r  th e  f i r s t  dose o f  r a d ia t io n  due to  improvement o f 
th e  oxygenation s ta tu s  o f  th e  tum our. T h is  w i l l  
cou n terb alan ce  th e  e f f e c t s  o f r e p a ir  o f r a d ia t io n  
damage and th a t  o f c e l l u l a r  p r o l i f e r a t i o n  a f t e r  
i r r a d i a t i o n ,  le ad in g  to  a  more e f f e c t iv e  second dose of 
r a d ia t io n  and f r a c t io n a te d  i r r a d ia t io n  (1 ,9 ,1 2 2 ,1 2 6 ,1 2 9 ,
136).
The phenomenon o f  r e o x y g e n a tio n  has been r e p o r te d  in  
s e v e r a l  an im al tumour sy stem s ( 1 2 9 ,1 3 7 -1 4 3 ) .
The p rocess o f reox5''genation  can be expected  as th e  
tumour sh rin k s  fo llo w in g  i r r a d i a t i o n .  The re d u c tio n  o f 
i n te r c a p i l l a r y  d is ta n c e s  and th e  r e l i e f  o f com pression 
on th e  tumour c a p i l l a r i e s  improve th e  oxygenation  s ta tu s  
o f the  rem ain ing  c e l l s ,  e s p e c ia l ly  w ith th e  a v a i l a b i l i t y
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of more oxygen fo r  consum ption a f t e r  th e  m etabo lic  
in h ib i t io n  and k i l l i n g  o f many tumour c e l l s .
Fowler e t  a l .  (1 ,136) showed th a t  reox y g en atio n  was the  
most Im portan t f a c to r  in  d e te rm in in g  the  response  of 
f i r s t  g e n e ra tio n  C3H mammary tumour to  a wide v a r ie ty  o f 
f r a c t io n a te d  X-ray sch e d u le s ; w hile r e p a i r ,  
sy n ch ro n iza tio n  and re p o p u la tio n  were of le s s  
im portance . In  th a t  tumour system , re  oxygen a t  i  on 
co in c id ed  w ith  th e  re d u c tio n  o f  th e  tumour volume in  
2-3 days a f t e r  a s in g le  dose o f I 500 rad s  ( l2 9 )  • On the  
o th e r hand, Thomlinson ( 126) in  a  s tudy  o f  RIB^ 
sarcoma drew a t te n t io n  to  sui e a r ly  phase o f  
reoxygenation  due to  re d u c tio n  o f oxygen consum ption as 
a r e s u l t  o f  the  e x ten s iv e  c e l l  d ea th  a f t e r  i r r a d i a t i o n .  
That tumour showed an e a r ly  in c re a se  in  s iz e  b e fo re  
slir in k in g .
The r a te  and e x te n t o f reo x y g en atio n  v a r ie d  in  d i f f e r e n t  
types o f tumours (129,144) and in  th e  same tum our, 
probably  acco rd in g  to  th e  i n i t i a l  dose and th e  schedule 
of f r a c t io n a te d  i r r a d ia t io n  (1 2 9 ,1 3 0 ,1 4 3 ,1 4 5 ,1 4 6 ).
Nias e t  a l .  ( i l ? )  showed th a t  the  oxygen e f f e c t  was 
f u l ly  o p e ra tin g  on HeLa c e l l s  in  v i t r o  above 1000 rad s  
while i t  m ight be minimal a t  doses below 200 ra d s .
Howes ( 129) and Howes e t  a l .  ( l3 0 ) in  s tu d ie s  o f f i r s t  
g en era tio n  C3H mammary tum our, showed th a t  
reoxygenation  was le s s  ap p aren t a f t e r  a  s in g le  dose o f 
300 rads than  I 50O rad .s . A f r a c t io n a te d  i r r a d ia t io n  o f 
t o t a l  dose below 3000 rad s  was le s s  e f f e c t iv e  than  a
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s in g le  dose o f th e  same m agnitude, due to  th e  
predominance o f  reco v ery  p ro cesses  over th e  
reoxygenation  e f f e c t  a t  th e se  dose le v e l s ,  Hawkes e t  a l  
( 147) in  s tu d ie s  o f  b o th  spontaneous and f i r s t  
g e n e ra tio n  is o tra n s p la n te d  mammary tumour in  C3H m ice, 
i r r a d ia te d  w ith  14 MeV e le c t r o n s ,  found th a t  two equal 
f r a c t io n s  a t  24 hours in t e r v a l  were more e f f e c t iv e  than  
a s in g le  d o se , when th e  t o t a l  dose le v e ls  exceeded 2500 
rad s  and 3000 rad s  ; fo r  t ra n s p la n te d  and spontaneous 
tum ours, r e s p e c t iv e ly ,  in  mice b re a th in g  oxygen. No 
d if fe re n c e  was found below th e se  dose le v e ls  o r in  mice 
b re a th in g  n i t r o g e n .  They suggested  th a t  reo x y g en atio n  
became ap p aren t a f t e r  250O rad s  when th e  hypoxic c e l l s  
predom inated and recovery  was an im portan t f a c to r  in  
tra n s p la n te d  tumour below t o t a l  dose of 2000 r a d s .
1 .10  The Gross Response o f Tumours Follow ing I r r a d i a t io n :
Denekamp (25) in  an a n a ly s is  o f  the response  o f  s e v e ra l 
animal tumours a f t e r  s in g le  doses o f 1—2 Krads of 
X -rays, n o tic e d  th a t  th e  v a r ia t io n  o f in d iv id u a l tumours 
w ith in  any tumour type  was rem arkably sm all in  th e  f i r s t  
few day s, b u t t h i s  v a r ia t io n  in c reased  w ith  tim e , 
s p e c ia l ly  d u rin g  the  phase o f regrow th . She found th a t  
anim al sarcom as co n tin u ed  to  grow fo r  2 to  3 days be fo re  
re g re s s io n  w hile  carcinom as showed immediate r e g re s s io n , 
Denekamp concluded th a t  th e  i n i t i a l  ra p id  sh rinkage  o f 
carcinom as was n o t a  d i r e c t  r e s u l t  o f r a d i a t i o n  Induced 
c e l l  d e a th , b u t unmasking o f the normal r a te  o f  c e l l
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l o s s  by h a l t i n g  c e l l  p r o d u c tio n  by r a d ia t io n  induced  
m it o t ic  d e la y .  She a t t r ib u t e d  the d i f f e r e n c e  in  
re sp o n se  betw een  sarcom as and cai'cinom as t o  d i f f e r e n c e s  
in  th e  v a s c u la r  a r c h i t e c t u r e ,  mode o f  d ea th  or the  
r e l a t i v e  amount o f  oedema from rad. i  a t ion  i n j u r y . The 
i n i t i a l  in c r e a s e  in  s i z e  o f  some tumours and th e  
im m ediate r e g r e s s io n  o f  o th e r s  have been r e p o r te d  by
s e v e r a l  in v e s t ig a t o r s  ( 2 1 ,2 5 ,8 5 ,8 8 ,1 3 0 ,1 4 8 ,1 4 9 )  •
Induced oedema due t o  in c r e a s e d  p e r m e a b ility  o f  the  
b lo o d  v e s s e l s  ( s e c t io n  1 .6 )  or th e  t r a n s ie n t  
p r o l i f e r a t io n  o f  th e  doomed c e l l s  ( 2 l )  may be  
r e s p o n s ib le  f o r  th e  i n i t i a l  in c r e a se  in  s i z e  o f  some 
tumours a f t e r  i r r a d i a t io n .
The ob served  r e sp o n se  o f  tum ours, a f t e r  i r r a d ia t io n  i s  
th e  n e t  r e s u l t  o f  many dynam ic p r o c e s s e s ,  m a in ly  c e l l  
d e a th , c e l l  l o s s  and c e l l  p ro d u ctio n  and i t  seem s a  
v e r y  poor in d ic a t o r  and in a c c u r a te  e s t im a te  f o r  th e  
number o f  tumour c e l l s  k i l l e d  and th e  k i n e t i c  b eh av iou r  
o f  th e  c e l l  p o p u la t io n . B oth  S u it  ( 150) and Denekamp 
( 151) commented th a t  th e  ob serv ed  r e sp o n se  o f  tumours 
a f t e r  ir r a d ia t io n  would r e f l e c t  th e  r a te  o f  rem oval o f  
th e  dead c e l l s  and c e l l  d e b r is  and a ls o  th e  e f f i c i e n c y  
o f  c e l l  l o s s  m echanism s. Thom linson ( 152) p o in te d  out 
th a t, t h e s e  m echanism s are  r a d io s e n s i t iv e  and can be 
a f f e c t e d  by r a d ia t io n .  Hermens and Barendsen ( 2 l ) ,  in  
a stu d y  o f  a rhabdomyosarcoma in  r a t ,  p o in te d  to  the  
d iscr e p a n c y  betw een two e f f e c t s  induced by a d o se  o f  
2000 rads o f  X—ray^s; nam ely , a d ecrea se  o f  th e
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su rv iv in g  f r a c t io n  o f c e l l s  below 1^ and a d ecrease  in  
the  tumour volume by only 25^* The reg row th  o f t h i s  
tumour s t a r t e d  8 days a f t e r  i r r a d ia t io n ,  re a c h in g  th e  
p r e - i r r a d i a t io n  s iz e  4 days l a t e r ,  w hile ra p id  
p r o l i f e r a t i o n  o f the  s u rv iv in g  f r a c t io n  a t  s h o r te r  c e l l  
cy c le  tim e commenced 4 days a f t e r  i r r a d i a t i o n ,  reach  m g 
the  p r e - i r r a d i a t io n  v a lu e  5 days l a t e r .  Denekajnp and 
Thomlinson ( 148) d id  n o t f in d  any conspicuous changes in  
th e  c e l l  g e n e ra tio n  tim e , nor th e  growth f r a c t io n ,  14 
days a f t e r  150O ra d s  to  C3H mammary tum our. Brown (l5 3 ) 
d id  n o t observe b ig  changes in  the  growth f r a c t io n  b u t 
s l ig h t  p ro lo n g a tio n  o f  th e  c e l l  cycle  tim e 1 to  3 days 
a f t e r  5OO o r  1000 rads to  induced squamous c e l l  
carcinom a o f  the  ham ster cheek pouch. S zczepansk i and 
T ro tt  ( 149) dn. a study  o f tra n s p la n te d  adenocarcinom a 
284 in  C3H m ice, found a t r a n s ie n t  d o u b lin g  o f  the  
growth f r a c t io n  6 to  8 days a f t e r  i r r a d ia t io n  w ith  doses 
o f 600 o r 1200 R| due to  t r ig g e r in g  of th e  r e s t i n g  c e l l s  
(G^ c e l l s )  in to  cy c le  a t  norm al or s l i g h t l y  slow speed . 
This tumour resumed growth 6 to  8 days a f t e r  i r r a d i a t i o n .  
The p a t te rn  o f  sh rinkage  and th e  time re q u ire d  fo r  the  
tumour mass to  re g re s s  com ple tely  a f t e r  la rg e  doses o f 
r a d ia t io n ,  va ry  in  tumours w ith  d i f f e r e n t  h is to lo g ic a l  
s t ru c tu re  and w ith in  each tumour type* The re g re s s io n  
r a te s  ten d  to  be s im ila r  over the  range o f la rg e  doses 
o f r a d ia t io n .  This i s  d e s p ite  the wide d if f e r e n c e  in  
th e  p r o b a b i l i ty  o f lo c a l  tumour c o n tro l "cu re"  by th e se  
d o se s . T hese o b se rv a tio n s  can be deduced from the
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s e v e ra l  p u b lish ed  growth response cu rv es  fo r  a v a r ie ty  
o f anim al tumours fo llo w in g  i r r a d ia t io n  (88,131,154»
155).
1.11 The P ro cesse s  O oourring in  S p l i t  Dose I r r a d i a t io n ;
S ev era l b io lo g ic a l  p ro c e sses  o p era te  in  th e  in te r v a l  
between two f r a c t io n s  o f r a d ia t io n ,  in  v i t r o .  These 
p ro c e sse s  in c lu d e :
1 -  Recovery from s u b le th a l  damage (156,157)
2 — D iv is io n  d e lay  and p a r t i a l  sy n c h ro n iza tio n
o f th e  c e l l s  su rv iv in g  th e  f i r s t  dose 
(158- 161)
3 -  R epair of p o te n t ia l ly  l e th a l  damage ( l6 2 ,l6 3 )  
and 4  “  R epopulation  hy  th e  su rv iv in g  c e l l s
F u l l  reco v ery  from s u b le th a l  damage occu rs  r a p id ly  
w ith in  2 to  6 hou rs  and i s  measured by re c o n s tru c tio n  
o f th e  shou lder o f a  s in g le  dose s u rv iv a l  curve o r in  
term s o f th e  param eter D^-D^, where Dg i s  th e  t o t a l  
dose given in  two f r a c t io n s  to  produce th e  same 
b io lo g ic a l  e f f e c t  as a  s in g le  dose D^. Dg-D^ va lue  
depends on se v e ra l f a c to r s  in c lu d in g : th e  q u a l i ty  of
r a d ia t io n ,  the  c e l l  ty p e  and i t s  c a p a c ity  fo r  reco v ery  
from s u b le th a l  danige, th e  magnitude o f th e  doses 
d e l iv e re d  and th e  tim e between f r a c t i o n s .
The f i r s t  dose s t e r i l i z e s  a h igh  p ro p o r tio n  o f c e l l s  in  
th e  more s e n s i t iv e  s ta g e s  of th e  e a r ly  c e l l  c y c le , 
m ainly m ito s is  l a t e  G ^/early  S and G^, le a v in g  a h ig h
3 3
p ro p o rtio n  of th e  c e l l s  in  th e  more r e s i s t a n t  e a r ly  
and l a t e  S p h ases . Maximmn d iv is io n  d e lay  occurs i f  
th e  f i r s t  dose i s  d e l iv e re d  du rin g  th e  S and 0^ phases 
( 158, 159)» The E lk ind  type  o f c y c lic  v a r ia t io n  in  
r a d io s e n s i t iv i t y  i s  th en  observed as th e  p a r t i a l l y  
synchronized  p o p u la tio n  p ro g resses  th ro u g h  th e  nex t 
c e l l  c y c le .  A prompt r i s e  in  v a lu e  in  th e  f i r s t
2 to  6 hours i s  due to  recovery  from s u b le th a l  damage. 
This i s  follow ed by a d ip  and a f u r th e r  r i s e  as th e  
c e l l s  move to  a  s e n s i t iv e  then  an o th er r e s i s t a n t  phase 
of th e  c e l l  cycle* R ad ia tio n  induced d iv is io n  d e lay  
appears to  be dose dependent, hence, a lo n g er d iv is io n  
d e lay  occurs as th e  m agnitude o f th e  f i r s t  dose 
in c re a s e s  (approxim ately  one minute f o r  each r a d ) .
Young and Fowler ( 164) showed th a t  va lue  would
in c re a se  w ith  in c re a se  in  th e  t o t a l  d o se , p o ss ib ly  due 
to  a  g r e a te r  degree o f  induced sy n c h ro n iz a tio n . They 
a ls o  showed th a t  th e  maximum value would be o b ta in ed  by 
e q u a l, r a th e r  than  unequal f r a c t io n s ,  w hile  a  lower or 
even n e g a tiv e  value  co u ld  be o b ta ined  by d e l iv e r in g  a 
second dose o f c e r ta in  magnitude d u rin g  th e  more 
s e n s i t iv e  s ta t e  of th e  p a r t i a l l y  synchron ized  
p o p u la tio n . This means th a t  sy n ch ro n iza tio n  may r e s u l t  
in e i t h e r  more or le s s  dose be in g  n e ce ssa ry  to  produce 
th e  same degree o f c e l l  k i l l i n g  w ith  two dose f r a c t io n s ,  
r e l a t i v e  to  a s in g le  d o se . This i s  in  c o n tr a s t  to  
reco v ery  from s u b le th a l damage and re p o p u la tio n  which 
n e c e s s i t a te  an a d d i t io n a l  dose.
3 4
In  v iv o , th e  sh o u ld er on a s in g le  dose s u rv iv a l curve 
cannot he determ ined hu t th e  a d d i t io n a l  dose increm ent 
can be o b ta in e d . A lte rn a t iv e ly  th e  red u c tio n  
in  th e  b io lo g ic a l  e f f e c t  from g iv in g  th e  same t o t a l  
dose in  two f r a c t io n s  can be measured and compared w ith  
a s in g le  dose th a t  produces th e  same le v e l  o f - r';.,.. 
b io lo g ic a l  e f f e c t .  However, a c c u ra te  e s tim a te  o f 
reco v ery  in  tumours i s  d i f f i c u l t  and com plica ted  due to  
th e  in te r a c t io n  of th e  v a rio u s  p ro c e sse s  m entioned 
e a r l i e r  fo r  in  v i t r o  i r r a d i a t i o n ,  p a r t i c u l a r ly  the  
e x is te n c e  o f hypoxic c e l l s  and reo x y g en atio n  in  tumours 
( s e c t io n s  1 .8  and 1 .9 )*  Tannock ( 165) p o in ted  out t h a t  
tumour c e l l s  a re  n o t sim ply ’’aerobic'*  or "luypoxic” bu t 
e x i s t  in  th e  tumour under a  broad range  o f oxygenation 
s t a t e  from f u l l y  oxygenated ( c e l l s  lo c a te d  n e a r a 
c a p i l l a r y  w a ll)  down to  a severe  hypoxic o r even 
app roach ing  an anoxic s t a t e .  S ev e ra l in v e s t ig a to r s  
( 1171118, 166^ 169) have found im pairm ent o r even lo s s  of 
th e  reco v ery  c a p a c ity  in  severe  hypoxic s t a t e .  Thus, 
th e  improvement of th e  oxygenation s t a tu s  o f a c u te ly  
hypoxic tumour c e l l s  a t  th e  end of hypoxic i r r a d ia t io n  
o r c h ro n ic a l ly  hypoxic tumour c e l l s  due to  
r e oxygénâtio n , would promote th e  reco v ery  o f th e se  c e l l s .  
However, s in ce  reoxygenation  in c re a se s  th e  s e n s i t i v i t y  
of th e  tumour c e l l s  to  subsequent d o ses , i t  w il l  
obscure th e  observed c y c lic  v a r ia t io n s  seen in  s p l i t  
dose experim ents in  v i t r o  and w i l l  a ls o  u n d erestim ate  
th e  m agnitude o f th e  a d d i t io n a l  dose increm ent needed .
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No a d d it io n a l  dose w i l l  be needed i f  reoxygenation  
e x a c tly  b a lances reco v ery  and even low er doses may be 
needed i . e .  a  n e g a tiv e  v a lu e , i f  reoxygenation
is  more e f f e c t iv e  th an  recovery  (1 4 2 ,1 4 7 ,1 7 0 ,1 7 1 ). In 
th e  l a t t e r  c a se , two dose f r a c t io n s  would be more 
e f f e c t iv e  than  a s in g le  d o se .
For more acc u ra te  e s tim a te s  o f I^ 2“^ l  v a lu e s  fo r  tum ours, 
th e  e f f e c t  of reox y g en atio n  should be e lim in a te d  by 
making th e  c e l l s  e i t h e r  un ifo rm ly  hypoxic o r un ifo rm ly  
s e n s i t iv e  by a p o te n t hypoxic c e l l  r a d io e e n s i t i z e r  
(F iison idazo le) (1 7 2 ) . The v a lu e  o b ta in ed  under
hypoxic c o n d itio n s  i s  then  d iv id ed  by an assumed oxygen 
enhancement r a t i o  (OER) o f 2 .5  to  3 to  o b ta in  th e  dose 
increm ent o f reco v ery  under w e ll oxygenated c o n d it io n s . 
DenekaJTip and H a rr is  ( l7 2 )  p o in ted  to  p o s s ib le  a r t e f a c t s  
in  th e  measurement o f th e  recovery  increm ent o f tumours 
by b o th  methods; nam ely, th e  assumed OEH and the  
p o s s ib le  c e l l  damage and k i l l  by hypoxia  ( 144, 173, 174) 
and th e  c y to to x ic  e f f e c t  o f m ison idazo le  and i t s  
enhancement r a t i o  which i s  c lo se  to ,  bu t n o t s im ila r  to ,  
th a t  o f oxygen,
P h i l l ip s  ( 175) Iri a  s tu d y  of th e  p u b lish e d  data,show ed 
th e  v a r ia b le  reco v ery  c a p a c ity  o f v a r io u s  normal 
t i s s u e s ,  w ith  th e  h ig h e s t  v a lues f o r  th e  sk in  and gut 
(Dg-B^ v a lu es  of 500 to  900 r a d s ) . He a ls o  claim ed a 
sm a lle r  recovery  p o te n t ia l  fo r  tumours (Dg-D^ v a lu es  of 
200 to  400 r a d s ) .  The e x is te n c e  o f h om eosta tic  c o n tro l  
and th e  absence, o r n e a r  absence, o f se v e re ly  and
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c h ro n ic a l ly  hypoxic c e l l s  in  normal t i s s u e s  may p lay  a 
p a r t  in  th e  la rg e  reco v ery  p o te n t ia l  o f th e se  t i s s u e s .  
However, W ithers ( l? 6 )  cou ld  n o t f in d  s ig n i f ic a n t  
d if f e r e n c e s  in  v a lu e s  between norm al t i s s u e s  and
tum ours. He concluded th a t  th e  o v e rlap  in  th e se  
v a lu es  was too  much to  reach  any c o n c lu s io n .
R ep a ir o f p o te n t ia l ly  l e th a l  damage (PLB) may c o n tr ib u te  
to  th e  Bg— va l ue .  T his r e p a i r  has been shovm in v i t r o  
in  d e n s i ty  in h ib i te d  p la te a u  phase c e l l  c u l tu re s  
( 119” ! 21) and in  v ivo  in  ex p erim en ta l tum ours groim in  
bo th  a s c i t i c  and s o l id  forms (135 ,177 ,178)*  PhD seems 
to  occur in  poorly  n o u rish e d , hypoxic and n o n -a o tiv e ly  
d iv id in g  c e l l s ,  b e lie v e d  to  e x is t  in  many tumours 
( s e c tio n  1 ,8 ) and behaves in  a manner s im ila r  to  th e  
c e l l s  in  th e  p la te a u  phase o f a  c e l l  c u l t u r e . This 
type  o f r e p a i r  has been found to  be com pleted in  4 to  
6 hours and to  be dependent on bo th  th e  p o s t i r r a d ia t io n  
environm ent and th e  d o se , le ad in g  to  d ecreased  
s e n s i t i v i t y  of th e  c e l l s  in  th e  h igh  dose ra n g e .
The e x te n t and r a t e  o f re p o p u la tio n  has been te s t e d  in  
m u lt if r a c t io n a te d  experim en ts o f v a r io u s  schedu les and 
in  s p l i t  dose experim ents w ith  in te r v a ls  beyond 24 
h o u rs . Severa l in v e s t ig a to r s  have shown th a t  a  sm a lle r  
a d d i t io n a l  dose v/as needed to  compensate fo r  
rep o p u la tio n  in th e  sk in  and tumours o f experim en tal 
anim als in  com parison w ith  the  dose increm ent fo r  
recovery  from s u b le th a l  damage (2 1 ,1 7 6 ,1 7 9 -1 8 2 ), TI10 
d e lay  in  onset and e f f e c t iv e n e s s  of re p o p u la tio n  has
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been shoim in  s e v e ra l  s t u d i e s . Hermans and Barendsen 
( 21) ,  in  a study o f rhabdomyosarcoma in  r a t ,  found no 
c e l l u l a r  p r o l i f e r a t i o n  f o r  about 4 days fo llo w in g  a 
s in g le  dose o f 2000 r a d s ,  Denekamp and H a rris  ( 170) 
in  a study  of carcinom a in  CBA mice by two dose
ex perim en ts, a lso  found no ap p rec iab le  rep o p u la tio n  
e f f e c t  up to  5 d ay s. Fow ler e t  a l ,  ( 136) and S u it e t  
a l .  ( 183) concluded th a t  rep o p u la tio n  was le s s  
im portan t in  f r a c t io n a te d  i r r a d ia t io n  over sh o rt 
o v e ra l l  p e rio d s  and w ith  la rg e  doses p e r f r a c t io n .  
Those in v e s t ig a to r s  showed th a t  re p o p u la tio n  became 
e f f e c t iv e  in  e a r ly  g e n e ra tio n s  of C3H mammary tum ours, 
i f  th e  o v e ra l l  p e rio d  o f f r a c t io n a te d  i r r a d ia t io n  
exceeded 10 to  I 8 d a y s .
Induced d iv is io n  d e la y  p lay s  an im portan t ro le  in  
h a l t in g  th e  onset o f re p o p u la tio n  fo r  a p e rio d  which 
i s  dependent on th e  m agnitude o f th e  f i r s t  dose. 
However re p o p u la tio n  may commence a t  a  f a s t e r  r a te  due 
to  sh o rte n in g  o f th e  c e l l  cy c le  ( 2 l ) ,  The presence o f 
su rv iv in g  c e l l s  among l e t h a l l y  i r r a d ia t e d  c e l l s  might 
enhance re p o p u la tio n  o f th e se  su rv iv in g  c e l l s  ( s e c tio n
1 . 1 . 3 ) • This would be o f g re a te r  im portance a f t e r  
la rg e  doses when th e  su rv iv in g  c e l l s  a re  mixed w ith  a 
la rg e  number o f k i l l e d  c e l l s ,
1 .12  Hypoxic C e ll R a d io s e n s i t iz e rs s
One of th e  most p rom ising  approaches to  overcome the  
problem of hypoxia in  tum ours, is  th e  use of e lectron»-
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a f f in ic  chem ical r a d io s e n s i t i z e r s .  Adams ( I 84) 
summarized th e  p ro p e r t ie s  e s s e n t ia l  fo r  a hypoxic c e l l  
s e n s i t iz e r ;
1 — The compound must s e le c t iv e ly  s e n s i t iz e
hypoxic c e l l s ;
2 — I t  must he non—to x ic  to  normal t i s s u e s  a t
th e  th e ra p e u t ic  dose;
3 — I t  must he capable  of d if f u s in g  r e a d i ly  in to
p o o rly  v a sc u la r iz e d  a re as  of tum ours, to  th e  
d is ta n t  hypoxic c e l l s ;  
and 4 — I t  must n o t be su b je c t to  r a p id ly  m etabo lic  
breakdown.
These compounds have th e  fo llo w in g  advantages over th e  
use of h y p e rb a ric  oxygen and h igh  LET r a d ia t io n :  th e
r e l a t i v e l y  low c o s t;  th e  ease  of a d m in is tra tio n ; and 
th e  w ider range of d i f f u s io n  in  comparison w ith  l^O ju 
fo r  oxygen. The v a s t  m a jo rity  of th e se  compounds appear 
to  be sim ple oxygen m im etics ( I 85) and t h e i r  e f f ic ie n c y  
of s e n s i t i z a t io n  i s  r e la te d  d i r e c t ly  to  th e  e le c tro n  
a f f in i t y  o f th e  compound. S u ccessfu l s e n s i t i z a t io n  in  
v i t r o  and in  v ivo  of mammalian c e l l s  was achieved  by 
compounds c o n ta in in g  th e  group: p a r a n i t r o -
acetophenone (P .M .A .P .) and v a rio u s  analogues ( 186—I 92) 
and n i t r o fu ra n s  ( 193, 194) .
In  1973, a t t e n t io n  was focused  on n itro - im id a z o le  
compounds where th e  NO  ^ group i s  a tta ch e d  to  an 
im idazo le  r in g .  F ollow ing in  v i t r o  sc reen in g  of e ig h t 
chem ical r a d io s e n s i t i z e r s  on b a c te r ia  S. m arcescens and
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V79 Chinese ham ster c e l l s ,  under hypoxic and aero b ic  
c o n d itio n s , A squith  e t  a l .  ( l9 5 ) t  found th a t  a 
2 ~ n itro ira id azo le  compound, M ison idazo le , w ith  a code 
number RO-O7-O982 was an extrem ely e f f e c t iv e  s e n s i t i z e r  
of hypoxic mammalian c e l l s  and more p o te n t than  
5 -n itro im id a z o le , m e tro n id azo le , m arketed as "Flagyl**.
I t  became c le a r  th a t  th e  lo c a tio n  o f th e  hOg group a t  
th e  2 p o s it io n  o f th e  im idazole r in g ,  in s te a d  o f th e  5 
p o s i t io n ,  has in c re a se d  th e  r a d io s e n s i t iz a t io n  po ten cy ,
1 .12 .1  M isonidazole
This compound was sy n th es iz ed  by Beaman e t  a l ,  ( 196) as 
a p ro type  fo r  new tr ic h o m o n ic id e s , I t  has th e  fo llo w in g  
chem ical s t r u c tu r e ;
l " ( 2- n i t r o im id a z o l - l - y l ) - 3-m ethoxypropan-2 '01
CH„ » CH » GH. 2 I I 2
OH OGH.
I t  i s  a sm all uncharged  m olecule which has an o o ta n o l: 
w ater p a r t i t i o n  c o e f f ic ie n t  of 0 ,4  ( I 89) and i s  s ta b le  
in  s o lu tio n  in  th e  absence of prolonged exposure to  
l ig h t  fo r  41 days a t  2 G° ( 197) and up to  e ig h t hours
a t  41 0°  ( 198) .
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1 .1 2 .2  R c id io se n s itiz a tio n  P ro p e r t ie s  of M isonidazole
1 “  S im ila r  to  o th e r r a d io s e n s i t i z e r s ,  M isonidazole i s
a s p e c i f ic  s e n s i t i z e r  of hypoxic c e l l s  h u t no t w ell 
oxygenated c e l l s .  I t  has proved a lso  to  be more 
e f f e c t iv e  th an  o th e r r a d io s e n s i t i z e r s  bo th  in  v i t r o  
( 189, 195, 197j 199) and in  v ivo  (200-206).
2 -  M isonidazole s e n s i t i z e s  hypoxic c e l l s  to  an e x te n t
which depends upon drug  c o n c e n tra tio n  w ith  a dose 
m odifying f a c to r  (DMP) which approaches th a t  of 
oxygen by in c re a s in g  drug c o n c e n tra tio n  in  v i t r o  
( 195, 197, 199, 207) and in  v ivo  (204-206).
3 — I t  has been a lso  sho^m th a t  r a d io s e n s i t i z a t io n  of
hypoxic c e l l s  by M so n id azo le  and o th e r e le c t r o n  
a f f in i c  s e n s i t i z e r s ,  i s  independent of th e  p o s i t io n  
of c e l l s  i n  th e  m ito t ic  cy cle  as in  th e  case of 
oxygen (1 8 6 ,1 9 3 ,1 9 5 ,2 0 7 ,2 0 8 ).
4 — Moore e t  a l ,  (197) showed th a t  th e  r a d io s e n s i t i z a t io n
p ro p e r ty  of M isonidazole was independent of th e  
tem p era tu re  in  c o n tra s t  to  th e  c y to to x ic i ty  of t h i s  
drug , d iscu ssed  below.
1 .1 2 .3  C y to to x ic ity  of M isonidazole
S ev era l in  v i t r o  s tu d ie s  (195 ,197 ,198 ,199 ,209 ,210) 
showed th a t  M isonidazole was no t only a s p e c i f ic  
r a d io s e n s i t i z e r  of hypoxic c e l l s  but a lso  a s p e c i f ic  
c y to to x ic  d rug  to  hypoxic r a th e r  th an  w ell oxygenated 
c e l l s ,  dependent both  on th e  c o n c e n tra tio n  of th e  d rug  
and th e  d u ra tio n  of exposu re , A squith  e t a l . (197,208)
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found t h a t  c y t o t o x i c i t y  occurred  a t a much h ig h e r  
c o n c e n tr a t io n  than th a t  which was r e q u ir e d  fo r  
r a d i o s e n s i t i z a t i o n .  For exam ple, an enhancem ent r a t i o  
o f  about 2 .5  occu rred  w ith  4  mM drug c o n c e n tr a t io n ,  
w h ile  l e s s  than 30^ o f  th e  c e l l s  were k i l l e d  a t  50 mM 
drug c o n c e n tr a t io n .
S e v e r a l in v e s t ig a t o r s  (197 ,198 ,207 ,211 ,212) showed 
th a t  c y t o t o x i c i t y ,  but n o t r a d io s e n s i t i z a t io n  o f  th e  
drug was tem p eratu re  d ep en d en t, b e in g  g r e a te r  w ith  
in c r e a s e d  tem p eratu re  range from 22^0 t o  49°0 .
S e v e r a l anim al e x p er im en ts  (2 0 1 ,2 0 2 ,2 1 3 ,2 1 4 )  have a l s o  
s u g g e s te d  a c y t o t o x ic  e f f e c t  on tumour c e l l s  w hich was 
more e v id e n t  w ith  a d m in is tr a t io n  o f  M iso n id a z o le  a f t e r  
i r r a d i a t io n .  The c y t o t o x ic  enhancement r a t i o s ,  in  
t h e s e  s t u d ie s  v a r ie d  from 1 ,1  t o  1 ,4  and were sm a ll  
compared th e  enhancem ent r a t io s  o b serv ed  w ith  
a d m in is tr a t io n  o f  th e  drug b e fo r e  i r r a d i a t io n .  H owever, 
no c y t o t o x i c i t y  was ob served  in  some tum ours and even  
a sm a ll p r o t e c t iv e  e f f e c t  was seen  ( 1 5 5 ,2 1 4 ) .
B leeh en  e t  a l ,  ( 215) d id  n o t ob serve any s ig n i f i c a n t  
c y t o t o x i c i t y  o f  M iso n id a z o le  on th e  EMT6 mouse tumour 
a t 37^0 but marked p o t e n t ia t in g  e f f e c t  o f  h yp erth erm ia  
on th e  c y t o t o x ic  e f f e c t  o f  th e  drug a t  in tra -tu m o u r  
tem p era tu res  above 4 2 ,5°d  fo r  one h o u r .
1 .1 2 .4  The Pharm ocokinetics o f M isonidazole
G a s - l iq u id  chrom atography and p o la ro g ra p h io  s t u d ie s  
have been used  to  m easure th e  c o n c e n tr a t io n  o f
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M isonidazo le  as a fu n c tio n  of tim e , in  th e  serum and 
tum ours o f exp erim en ta l anim als and humans ( 216, 21? ) .  
Maximum tumour drug  c o n c e n tra tio n  in  mice was g e n e ra lly  
20—80^  o f the peak serum le v e l  p robably  because o f th e  
s h o r t b io lo g ic a l  h a l f - l i f e  o f 1 to  1 ,5  h o u rs . In 
humans, drug  c o n c e n tra tio n  in  tumours u s u a lly  f e l l  in  
th e  range of 50“ 100^ of th e  peak serum le v e l  because o f 
th e  much longer h a l f - l i f e  o f 12.5 h o u rs .
S ev e ra l in v e s t ig a to r s  used r a d io b io lo g ic a l  assay s  to  
determ ine  the  optimum tim e between a d m in is te r in g  th e  
d ru g  and s t a r t i n g  i r r a d i a t i o n .  These a ssay s  a re  b e t t e r  
in d ic a to r s  of th e  c o n c e n tra tio n  of th e  d rug  a t  th e  
c r i t i c a l  hypoxic c e l l s  in  the  tumours a t  any tim e a f t e r  
i t s  a d m in is tra tio n  ( 218) ,  Stone and W ithers (204*219) 
found a g re a te r  p r o b a b i l i ty  o f mammary carcinom a 
c o n t r o l ,  as th e  in te r v a l  between I .P .  in je c t io n  of 1 
mg/gm. o f th e  drug  to  i r r a d ia t io n  was in c re a se d  from 
3 to  30 m in u tes . Brown (202) found th a t  th e  su rv iv in g  
f r a c t io n  o f th e  3MT6 tumour was low est a t  an in te r v a l  
o f 30 m inutes w ith  doses o f 0 .3  and 1 ,2  mg/gm, Sheldon 
and H i l l  (220) observed  g re a te r  s e n s i t i z a t io n  o f th e  
a n a p la s t ic  MT tumour a t  30 m inutes th an  90 m inutes 
fo r  a low drug  dose o f 0 .2  mg/gn; com patib le  w ith  th e  
d e c lin e  o f the  serum c o n c e n tra tio n  o f th e  drug a t  90 
m in u tes . Sheldon and H i l l  (l5 5 ) a ls o  found in  an o th er 
tumour (a n a p la s t ic  MTl tumour) an optimum in te rv a l  o f 
45 to  60 m inutes fo r  maximum s e n s i t i z a t io n  w ith  the  
same low dose of th e  d ru g .
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The maximum c o n c e n t r a t i o n  o f  M iso n id az o le  i n  th e  tumour 
mass and t h e  p e r io d  f o r  which t h a t  c o n c e n t r a t i o n  i s  
m a in ta in e d ,  would d e te rm in e  t h e  e f f e c t i v e n e s s  o f  t h e  
d r u g .  The m agnitude o f  r a d i o s e n s i t i z a t i o n  can he sm all  
w i th  low tumour d ru g  c o n c e n t r a t i o n  and i n t e r v a l s  o th e r  
th a n  t h e  optimum one. The c y t o t o x i c i t y  o b se rved  i n  
an im al tum ours w ith  a d m in i s t e r in g  th e  d ru g  a f t e r  
i r r a d i a t i o n ,  i s  a l s o  l i k e l y  t o  be u n d e r e s t im a te d  f o r  
t h e  f o l lo w in g  r e a s o n s :
1 — A s in g le  or l i m i t e d  number o f  sm a l l  d o se s  of th e
d ru g  a re  used ,  i n  v iv o ;  n o t  a  c o n t in u o u s  dosage 
f o r  s e v e r a l  h o u rs  a s  u sed  i n  i n  v i t r o  e x p e r im e n ts .  
Hence, tumour c e l l s  a r e  exposed t o  t h e  d ru g  f o r  
s h o r t e r  p e r io d s  due t o  t h e  s h o r t  h a l f  l i f e  o f  th e  
d ru g  i n  e x p e r im e n ta l  a n im a ls .
2 ™ There i s  a l s o  t h e  p o s s i b i l i t y  o f  lo w er  c o n c e n t r a t i o n
re a c h in g  th e  tum our a f t e r  i r r a d i a t i o n  due t o  
v a s c u l a r  damage, e s p e c i a l l y  a f t e r  s i n g l e  d o ses  of 
20 Gy o r  more as d i s c u s s e d  i n  s e c t i o n  1 . 6 .  However, 
because  o f  th e  d r u g ' s  lo n g e r  h a l f  l i f e  i n  man, t h e  
i n t e r v a l  betw een a d m in i s t e r i n g  th e  d ru g  and 
r a d i o t h e r a p y  may n o t  be so c r i t i c a l  f o r  e i t h e r  th e  
r a d i o s e n s i t i z a t i o n  o r  c y t o t o x i c i t y .
1 . 1 2 ,5  The Use o f  M ison idazo le  i n  E x p e r im en ta l  Animals and 
Humans:
The a c t i o n  o f  M ison idazo le  i n  any i n  v iv o  s i t u a t i o n  
i s  l i k e l y  t o  r e f l e c t  a  com bina tion  o f  i t s  
r a d i o s e n s i t i z a t i o n  p r o p e r t i e s  coup led  w ith  i t s
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c y t o t o x i c i t y  which a re  s e l e c t i v e l y  a g a i n s t  hypox ic  
c e l l s .  The maximum e f f e c t s  o f  t h e  d ru g ,  t h e r e f o r e  
can he ex p ec ted  i n  tum ours  whenever h y p o x ic  c e l l s  
p redom ina te  (2 1 8 ) ,  p ro v id e d  t h a t  t h e  d ru g  h a s  a c c e s s  
t o  t h e s e  c e l l s  and i s  p r e s e n t  a t  t h e  maximum 
c o n c e n t r a t i o n  i n  t h e  tu m o u rs .  The e f f e c t i v e n e s s  of 
a  s e n s i t i z e r  i s  u s u a l l y  d e f in e d  i n  te rm s  o f  t h e  
"enhancement r a t i o "  (ER) which i s  t h e  r a t i o  o f  %=ray 
dose r e q u i r e d  t o  p roduce  a  g iv e n  b i o l o g i c a l  e f f e c t  
w ith  s e n s i t i z e r  t o  t h e  dose  r e q u i r e d  w ith o u t  s e n s i t i z e r .  
I n  a  wide v a r i e t y  o f  mouse tum ours ,  w i th  v a r i a b l e  
p r o p o r t i o n s  o f  h ypox ic  c e l l s  and v a r i a b l e  d o u b l in g  
t im e s ,  M ison idazo le  was found  t o  have enhancement r a t i o s  
o f  1 .5  t o  2 .4  ond 1 t o  1 ,9  w i th  d o se s  o f  1 mg/gm and 
0 ,2  t o  0 ,3  mg/gm, r e s p e c t i v e l y  (2 1 8 ) .  The d ru g  was 
g iv e n  im m ed ia te ly  o r  s e v e r a l  m in u tes  b e f o r e  i r r a d i a t i o n  
and d i f f e r e n t  a s s a y  methods were u sed  t o  measure tumour 
r e s p o n s e ;  d e la y  i n  grow th (1 3 3 ,1 7 4 ,2 0 1 ) ,  l o c a l  c o n t r o l  
( i . e .  c u re )  ( 206, 219,2 2 0 ) ,  c e l l  d i l u t i o n  a s s a y s  (133, 
202) and l o s s  o f  ^^^lUdR from tumour c e l l s  ( l7 4 )»
Some an im al e x p e r im e n ts  have s u g g e s te d  a  l o s s  or 
d e c re a s e  o f  e f f i c i e n c y  o f  M iso n id azo le  whenever w e ll  
oxygenated  c e l l s  p redom ina te  i n  t h e  r e s p o n s e  t o  
i r r a d i a t i o n ,  as i s  t h e  case  w ith  s i n g l e  d o se s  below 
2000 r a d s  i n  sarcoma F (133) and 1200 r a d s  i n  CBA 
carc inom a NT ( 20I ) .  At t h e s e  low d o se s  o f  i r r a d i a t i o n ,  
tumour r e s p o n s e  i s  m a in ly  due t o  k i l l i n g  o f  w e ll  
oxygenated  c e l l s .  The ER was found t o  i n c r e a s e
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ap p ro ach in g  t h a t  of f u l l y  h y pox ic  p o p u la t io n  w ith  
i n c r e a s e  i n  d o se ,  due t o  th e  predom inance o f  hypoxic  
c e l l s  a f t e r  th e  k i l l i n g  o f  w e ll  oxygenated  c e l l s  hy 
t h e  low er d o s e s .
The d e c re a s e  i n  e f f i c i e n c y  o f  M iso n id az o le  h a s  a l s o  been  
d em o n s tra te d  w ith  f r a c t i o n a t e d  i r r a d i a t i o n  i n  tum ours 
which a re  knovn t o  r e o x y g e n a te  r a p i d l y ,  w i th  d e c re a se  o f  
t h e  number of h y p o x ic  c e l l s  betw een s u c c e s s iv e  d o s e s .  
T h is  was th e  c a se  w ith  f i r s t  g e n e r a t io n  C3H mammary 
carc inom a ( 206, 221) where t h e  enhancement r a t i o  f e l l  
from 1 ,8  f o r  s i n g l e  d o ses  o f  i r r a d i a t i o n  t o  1 .1  o r  1 .2  
f o r  f r a c t i o n a t e d  i r r a d i a t i o n ;  and a l s o  i n  t h e  case  of 
CBA carc inom a NT ( l ? 2 )  where t h e  enhancement r a t i o  f e l l  
from 2 .1  f o r  s i n g l e  d o ses  o f  i r r a d i a t i o n  t o  1 ,6  and 1 .2  
f o r  2 f r a c t i o n s  i n  2 days and 5 f r a c t i o n s  i n  9 days , 
r e s p e c t i v e l y .
The l o s s  o f  e f f i c i e n c y  was l e s s  marked i n  t h e  a n a p l a s t i c  
tumour MTl, s tu d ie d  by S heldon  and H i l l  ( 2 2 0 ) .  
Enhancement r a t i o s  o f  1 ,7  and 1*5 were found  f o r  t h i s  
tum our f o r  s i n g l e  d o se s  .of i r r a d i a t i o n  and 5 f r a c t i o n s  
i n  4 d ay s ,  r e s p e c t i v e l y .  These i n v e s t i g a t o r s  have 
a t t r i b u t e d  t h i s  s l i g h t  l o s s  o f  e f f i c i e n c y  o f  
M ison idazo le  t o  t h e  minimal d eg ree  o f  r e o x y g e n a t io n .  
Jolm son e t  a l ,  (2 22 ,223 )  i n  s t u d i e s  of M idonidazo le  i n  
p r im a te s ,  have a l s o  r a i s e d  t h e  p o s s i b i l i t y  o f  some form 
of enzym atic  d ru g  in d u c t io n  which l e a d s  t o  a more 
e f f i c i e n t  d e s t r u c t i o n  o f  t h e  d rug ,  f o l l o w in g  r e p e a te d  
adraini s t r a t i  on. T h is  phenomenon seemed t o  d i f f e r  among
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s p e c ie s  and was n o t  o bse rved  w ith  r e p e a t e d  d o ses  i n  
human ( 224) •
I t  was concluded  from  e a r l y  s t u d i e s  on p a t i e n t s ,  t h a t  
M i.sonidazole showed good prom ise  as  a  r a d i o s e n s i t i z e r  i n  
c l i n i c a l  r a d i o t h e r a p y  (2 2 5 ) .  S ince  th e n ,  c o n s id e r a b le  
i n t e r e s t  h a s  dev e lo p ed  t o  a s s e s s  th e  use  o f  t h e  d ru g  i n  
com bina tion  w ith  r a d i o t h e r a p y  i n  human s o l i d  tum ours 
( s e e  t h e  p ro c e e d in g s  o f  t h e  8 th  L.H, Gray C onference , 
Cambridge, 1977)* These t r i a l s  a re  d e s ig n e d  t o  e x p lo re  
th e  b e s t  c l i n i c a l  a p p l i c a t i o n  o f  t h e  d ru g  w i th i n  t h e  
dose l i m i t a t i o n  im posed by th e  n e u r o t o x i c i t y  o f  th e  
d ru g  m entioned  be low .
1 .1 2 .6  T o x ic ity  of Chemical R a d io s e n s i t iz e rs
Benekamp e t  a l ,  (200) i n  t h e i r  i n  v iv o  s c r e e n in g  o f  some 
e l e c t r o n  a f f i n i c  compounds, found t h a t  (d ru g  dose
which i s  l e t h a l  t o  50 p e r  cen t  of mice) was; 0 .2  mg/gm 
f o r  N .B .P .P , ;  0 ,3  mg/gm f o r  N ifu rp ip o n e ;  1 ,8  mg/gm f o r
M ison idazo le  and 3*8 mg/gm f o r  F l a g y l .  B e s p i t e  t h e  
h ig h e r  LB^^ f o r  t h e  l a t t e r  t h e  t h e r a p e u t i c  in d e x  o f  
M iso n id azo le  was abou t 4  t im e s  g r e a t e r ,  i n d i c a t i n g  th e  
p a r t i c u l a r  e f f e c t i v e n e s s  o f  M ison idazo le  compared w ith  
F l a g y l .
A m ild  s o p o r i f i c  e f f e c t  o f  M iso n id azo le  h a s  been 
d e s c r ib e d  i n  mice (200) which e n t a i l e d  s l i g h t  r e d u c t io n  
of th e  dose o f  a n a e s t h e s i a  ( l 3 3 ) .  Sheldon e t  a l ,  (206) 
d e s c r ib e d  e a r l y  d e a th  i n  mice w ith  d o s e s  of 0 ,67  mg/gm
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a d m in is te re d  b e fo re  d a i l y  f r a c t i o n a t e d  i r r a d i a t i o n  
due t o  M ison idazo le  "gu t  syndrome" i . e .  th e  stomach 
was v e ry  f u l l  o f  d r y  fo o d  w h i le  th e  r e s t  o f  t h e  gu t was 
co m p le te ly  empty. T h is  o c c u r re d  u s u a l l y  on th e  f o u r th  
or f i f t h  day a f t e r  s t a r t i n g  i r r a d i a t i o n  and i n  15 p e r  
cen t  o f  t h e  5 f r a c t i o n s  i n  4 days s c h e d u le .  I t  d id  
n o t occur i n  e i t h e r  th e  3 f r a c t i o n s  i n  4 days or th e  5 
f r a c t i o n s  i n  9 days  re g im e s .  T h e re fo re ,  i t  seems t o  be 
r e l a t e d  t o  th e  cu m u la tiv e  d a i l y  dosage o f  th e  d ru g  i n  
a  s h o r t  p e r io d ,
S ch a re r  (226) d e s c r ib e d  c e r e b e l l a r  d e g e n e r a t iv e  changes 
and an acu te  syndrome i n  dogs i n  th e  form o f  a t a x i a ,  
c o n v u ls io n  and d e a th  a f t e r  r e p e a te d  h ig h  d o se s  of 
n i t r o —im id a z o le s .  T h is  t o x i c i t y  was n o t  observed  i n  
o th e r  e x p e r im e n ta l  an im a ls  (m ice, r a t s ,  g u in e a  p ig s  or 
r a b b i t s )  and was c o n s id e re d  a  s p e c i f i c  s p e c ie s  
s e n s i t i v i t y  i n  d o g s .  P a rk e s  (qu o ted  216) found t h a t  
d o ses  o f  400 mg/kg o f  M ison idazo le  i n  monlceys, p roduced  
r e v e r s i b l e  s e v e re  m uscu la r  in c o —o r d i n a t i o n  and 
i n c i p i e n t  c o n v u ls io n s  by day e le v e n  from which th e  
an im als  re c o v e re d  w i th i n  24 h o u rs  a f t e r  c e s s a t i o n  of 
d rug  th e r a p y .  Small b i l a t e r a l  b r a i n  l e s i o n s  were 
found a t  a l l  dose l e v e l s  even though no c l i n i c a l  s ig n s  
were d e t e c t a b l e  w i th  sm all  d o s e s .
In  t h e  human; m ild  in so m n ia  and g a s t r o - i n t e s t i n a l  
d i s tu r b a n c e s  o c c u r re d  iv ith  M ison idazo le  (216) and 
t r a n s i e n t  d ro w s in e ss ,  n a u s e a  and v o m it in g  a f t e r  F la g y l  
( 227, 228) ,  JUld t o  s e v e re  n e u r o t o x i c i t y  has  been
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d e s c r ib e d  f o r  b o th  M ison idazo le  (224) and F la g y l  (229) 
and on r a r e  o c c a s io n s  c o n v u ls io n s  have been  r e p o r te d  
a f t e r  v e ry  h ig h  d o se s  (2 3 0 ) .  E l e c t r o n  m icroscopy  
s t u d i e s  o f  a f f e c t e d  p e r i p h e r a l  n e rv e s  have r e v e a le d  
d i s t a l  axonal d e g e n e r a t io n  w ith  segm ental d e m y e lin a t io n ,  
p red o m in an tly  a f f e c t i n g  sm all  m y e lin a ted  nerve  f i b e r s  
( 231) .  T h is  n e u r o t o x i c i t y  i s  th e  main dose l i m i t i n g  
f a c t o r  f o r  M iso n id a z o le .  I t  ap p ea rs  t o  be r e l a t e d  t o  
th e  t o t a l  dose o f  d ru g  a d m in is te re d  and th e  t im e  
i n t e r v a l  over which i t  i s  g iv e n .  V arious  dosage 
reg im es  have b een  p roposed  on t h i s  b a s i s  in c lu d in g ;  
once o r  tw ic e  w eekly  d o ses  t o  a  t o t a l  dose o f  I 8 g or 
12 g/m^ body s u r f a c e  a r e a  (231, 232) and many sm all 
d o ses ,  combined w i th  a  c o n v e r t i a l  cou rse  o f  m u l t i -  




2 .1  Host Animals:
Normal, h e a l t h y ,  v i r g i n  C3H mice aged be tw een  8 t o  12 
weeks, o f  e i t h e r  sex  were u sed  i n  t h e  e x p e r im e n t s .
The w eigh t o f  t h e  mice a t  t h i s  age v a r i e d  u s u a l l y  
betw een 20 t o  25 g« Most o f  t h e s e  mice were b red  i n  
our* own Animal House by a  c o n v e n t io n a l  in b r e d  m a ting  
sys tem . F o r  some e x p e r im e n ts ,  C3H in b r e d  mice from 
P a n t in  and Kingman L t d . ,  H u l l ,  were u sed  wb.en th e  
number o f  mice from our in b r e d  co lony  was n o t  enough. 
T here  was no d i f f e r e n c e  between th e s e  and our in b r e d  
m ice, r e g a r d i n g  tumour growth and r e s p o n s e  t o  r a d i a t i o n .  
Mice were housed  i n  p o ly p ro p y le n e  cages  1 9 2 .5 "  i n  a r e a ,  
maod.mum o f  10 mice p e r  c a g e .  T h is  number was co n v en ien t  
from t h e  p o in t  o f  view  o f t h e  a v a i l a b l e  space  i n  th e  
an im al house and a l s o  avo idance  o f  overc ro w d in g  o f  mice 
i n  each  c a g e . The b re e d in g ,  i s o l a t i o n  and e x p e r im e n ta l  
rooms were k e p t  a t  a  c o n s ta n t  t e m p e ra tu re  o f  21 — 1 
w ith  r e l a t i v e  h u m id i ty  o f  55 ^  5^ and c o n s e c u t iv e  12 
hour  p e r io d s  o f  l i g h t  th e n  d a rk  ( i . e .  l i g h t : — 7 am t o  
7 pm; d a r k :— 7 pm t o  7 am GMT).
The an im a ls  were f e d  on fo rm u la  41 mouse d i e t  (p roduced  
by Angus M i l l i n g  Company, P e r t h  and s u p p l i e d  by W illiam  
S h e a re r  and Company, Glasgow) and were p ro v id e d  w ith  t a p  
w a te r  ad l i b i t u m .  The cages  were c le a n e d  tw ic e  w eekly  
and t h e  w a te r  was changed d a i l y .  S t e r i l e  p r e c a u t io n s  
were t a k e n  i n  an a t te m p t t o  red u ce  t h e  r i s k  o f  ep idem ic  
d i s e a s e .  These p r e c a u t io n s  in c lu d e d  a u t o c l a v i n g  a l l  t h e  
cages  and t h e  w a te r  b o t t l e s  and i s o l a t i o n  f o r  2 weeks of
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æ y  mice o th e r  th e n  th o s e  from our in b re d  co lo n y .
Tlxe mice used  f o r  th e  p r e s e n t  work sh a re d  th e  rooms 
w ith  a n o th e r  s t r a i n  o f  mice (DBA/r) u sed  f o r  o th e r  
e x p e r im e n ta l  works i n  th e  same l a b o r a t o r y .
Mice of e i t h e r  sex  were used  due t o  t h e  s h o r t  su p p ly  of 
a.nimals. There was no ev id en ce  t h a t  s e x  h a s  a f f e c t e d  
th e  tumour re sp o n se  i n  th e  p r e s e n t  system  d e s p i t e  th o s e  
temporar'y d i f f e r e n c e s  r e p o r t e d  by Fow ler e t  a l . ( l )  .
No spon taneous  tum ours appea red  i n  th e  e x p e r im e n ta l  
mice d u r in g  th e  p e r io d  of o b s e r v a t io n  (lOO d a y s ) .  
F u r th e rm o re ,  th e  mice which were c o n s id e re d  as  cured  
and were k e p t  f o r  more th a n  100 days showed no ev idence  
o f  i l l n e s s  excep t f o r  a  few spon taneous  tum ours  i n  some 
o f  th e  m ic e .
2 .2  Animal M arking System:
I n  th e  i n i t i a l  p i l o t  s tu d y ,  th e  e a r  m ark ing  system  was 
u sed  t o  i d e n t i f y  th e  m ice .  However, t h i s  was found to  
be i m s a t i s f a c t o r y  due t o  t h e  l i m i t e d  number o f  e a r  codes 
and a l s o  because  on s e v e r a l  o c c a s io n s ,  i t  was d i f f i c u l t  
t o  i d e n t i f y  th e  code due t o  l o s s  of p a r t  o f  th e  e a r s .
A dye mai'king system  was adopted  u s in g  an aqueous 
s o l u t i o n  of  s a t u r a t e d  p i c r i c  a c i d .  T h is  was th o ro u g h ly  
a p p l ie d  t o  th e  s k in  and f u r  of th e  mice w i th  a  p a in t  
b r u s h .
Tlie dye system p ro v id e d  an adequa te  number of codes f o r  
th e  e x p e r im e n ta l  a n im a ls .  F u r th e rm o re ,  t h i s  system 
l a s t e d  a t  l e a s t  f o r  f o u r  months and no s k in  i r r i t a t i o n
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o r c a r c in o g e n ic  e f f e c t  o f  t h e  dye were o b se rv ed .
The marking system  c o n s i s t e d  o f  one, or a com bination  of 
t h e  f o l lo w in g  n in e  .b a s ic  codes: r i g h t  e a r ;  l e f t  e a r ,
r i g h t  fo re l i ra b ;  l e f t  fo re l im b ;  r i g h t  h in d  lim b; l e f t  
h in d  lii.'jb; back; f r o n t  and t a i l .  (N ea r ly  6o d i f f e r e n t  
codes a re  a v a i l a b l e  from t h i s  sy s te m .)
2 .3  The T or o u r :
C3H mammary tum our, o r i g i n a l l y  o b ta in e d  by A.H.W, N ias 
i n  May 1973 ns a  spou taneous  tumour i n  a mouse from th e  
Gray L a b o ra to ry  (A ngela  M alder and J . P .  Fow ler)  h as  
s in c e  been m a in ta in e d  a t  our l a b o r a t o r y  by subcu taneous  
t r a n s p l a n t a t i  on e v e ry  2—3 weeks by c y to s ie v e  tumour 
su sp e n s io n  i n  sy n g en e ic  r e c i p i e n t s .
By th e  t im e  th e  s tu d y  commenced i n  1975» th e  
t r a n s p l a n t e d  tumour showed a  d e f i n i t e  d e p a r tu r e  from 
th e  h i s t o l o g i c a l  f e a t u r e s ,  growth r a t e  and re sp o n se  t o  
i r r a d i a t i o n  of t h e  o r i g i n a l  tum our. These f e a t u r e s  have 
s in c e  rem ained c o n s t a n t .  No p re v io u s  e x p e r im e n ta l  d a t a  
were a v a i l a b l e  b e fo r e  t h e  p r e s e n t  work ex ce p t  f o r  a  few 
h i s t o l o g i c a l  s e c t i o n s  o f  th e  e a r l y  t r a n s p l a n t s  of t h i s  
tum our.
However th e  d a t a  o b ta in e d  from t h i s  work can be 
compared w ith  th o s e  p u b l i s h e d  from th e  Gray L a b o ra to ry  
about th e  f i r s t  g e n e r a t io n  t r a n s p l a n t  of t h i s  ty p e  of 
tum our.
2 .4  Technique of Tumi our T r a n s p l a n t a t i o n
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2 ,4 .1  P r é p a r a t io n  of Tumour C e l l  S uspension :
ALL p ro c e d u re s  were c a r r i e d  out a t  room te m p e ra tu re  and
under a s e p t i c  c o n d i t i o n s .
1 . A tumour o f  about 10 mm d ia m e te r  was e x c i s e d  and 
f r e e d  from th e  non—turnour d e b r i s .  T h is  tumour
should have begun t o  grow 7 14 days from th e  d y
of t  r  an s p i  a n t  a t  i  o n .
2 . The tumour was th e n  g e n t l y  mashed and f i n a l l y  
minced by p a s s in g  i t  th ro u g h  a  f i n e  s t a i n l e s s  s t e e l  
mesh t o g e t h e r  wdth 1—2 ml o f  s o l i d  tum our c u l t u r e  
medium (s e e  below: 5 ) » u s in g  a  f l a t  p lu n g e r  from a 
10 ml s y r in g e .
3 . The crude su sp e n s io n  was th e n  a s p i r a t e d  th ro u g h  
n e e d le s  of s e r i a l  s i z e s ,  t h e  s m a l le s t  s i z e  b e in g  
25 g, l e a v in g  th e  sedim ent a t  t h e  bo ttom  of th e  
u n iv e r s a l  c o n t a in e r  each  t im e .
4 . A c e l l  count o f  t h e  tumour c e l l  s u sp e n s io n  was 
perform ed u s in g  a haem ocy tom ete r , The c r i t e r i a  
f o r  i n t a c t  tumour c e l l s  were v e ry  s i m i l a r  t o  th o s e  
used  f o r  squamous carc inom a by H ew itt e t  a l .  (6) 
under phase c o n t r a s t  m icroscopy:
i .  sm all  rounded c e l l s  o f  c e l l  d ia m e te r  i n  th e  
ran g e  8 -12  / i .  
i i .  smooth o u t l i n e ,  
i i i .  y e l lo w is h  t i n g e  w ith  d a rk e r  o u t l i n e  and 
su rrounded  by a  narrow  h a lo  o f  l i g h t . 
i v .  t h e  n u c le u s  and cy top lasm  cou ld  n o t be 
d i s c r i m i n a t e d .
5 3
The s u sp e n s io n  ua.s found to  c o n s i s t  of s in g l e  c e l l s  
and 10- 15^  sm all  clumps of 2—5 c e l l s .
The v i a b i l i t y  o f  th e  c e l l s  was t e s t e d  by th e  Trypan 
b lu e  dye e x c lu s io n  method and found t o  be 59 ”  1 .7 ^  
( -  s . e . m . ) .
5. A f i n a l  tumour c e l l  su sp e n s io n  o f  10^ c e l l s  i n  O.05 
ml was o b ta in e d  by th e  a p p r o p r ia te  d i l u t i o n  i.i.th th e  
s o l i d  tum our c u l t u r e  medium. The l a t t e r  c o n s i s t e d  
o f:
500 ml MEM 4- H ank 's  s a l t  s o l u t i o n  
50 ml Horse serum 
5 ml 200 /.iiyi g lu tam ine  
3 ml MEIf n o n - e s s e n t i a l  amino a c id s  
2 ml sodium h yd rox ide  
The random v a r i a t i o n s  i n  d e n s i t y  and d eg ree  o f  
d i l u t i o n  needed  were due to :
i . s l i g h t  v a r i a t i o n  o f  th e  s i z e  o f  t h e  tumour 
u s e d .  ' .
i i . th e  e f f i c i e n c y  o f  hand m inc ing , 
i i i ,  t h e  d e g re e  o f  d i l u t i o n  and w ashing f o r  th e  
tumour m ince .
I t  was e s s e n t i a l  t o  g e n t ly  shalce th e  c e l l  su sp e n s io n  
d u r in g  th e  p ro c e s s  o f  i n j e c t i o n s  as  i t  was no ted
t h a t  t h e  tum our c e l l s  te n d  t o  sedim ent fo rm ing  l a r g e
cluunps.
2 . 4*2 The I n j e c t i o n  and S i t e  of T ra n s p la n ts :
10^ c e l l s  i n  O.O5 ml were c a r e f u l l y  i n j e c t e d ,
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su b cu ta i ieo u s ly ,  a im ing  a t  th e  rub l i n e  o f  th e  back of 
n o n - a n a e s th e t i z e d  mice, a t  t h e  l e v e l  of th e  abdomen.
No sh av in g ,  o r  s t e r i l i z a t i o n  o f  th e  f u r  were done 
b e fo re  t h e  i n j e c t i o n s .
T h is  s i t e '  f o r  t r a n s p l a n t a t i o n  was chosen, f o r  th e  
f o l lo w in g  r e a s o n s ; —
i . Easy p a l p a t i o n  axid measurement of th e  3 
p e r p e n d i c u la r  d ia m e te r s  of th e  tum ours ,
i i . Easy i r r a d i a t i o n  of th e  tumour w ith  s h i e l d i n g  of 
t h e  r e s t  of t h e  mouse body by a s im ple  and 
p r a c t i c a l  j i g ,  t o  avo id  i r r a d i a t i o n  o f  im p o r ta n t  
s t r u c t u r e s  which can a f f e c t  and modify  th e  tumour 
r e s p o n s e .
i i i .  No r e s t r i c t i o n  of t h e  normal m o b i l i t y  o f  t h e  mouse 
and i t s  a b i l i t y  t o  g a in  a c c e s s  t o  food  and w a te r ,  
as  we found  o c c u rre d  i n  th o s e  mice w i th  tum ours, 
e s p e c i a l l y  l a r g e r  s i z e s ,  i n  th e  t h i g h  and th e  
v e n t r a l  a s p e c t . ' .
The whole p ro c e d u re  from th e  t im e  of k i l l i n g  th e  mouse 
b e a r in g  th e  tumour t i l l  t h e  l a s t  i n j e c t i o n  o f  th e  in o c u la ,  
i n  n o t  more th a n  40 mice wa.s about 30 m in u te s .  I t  was 
f e a r e d  t h a t  c e n t r i f u g a t i o n ,  t r y p s i n i z a t i o n  and o th e r  such 
le n g th y  p ro c e d u re s  might damage and red u ce  th e  i n t e g r i t y  
and v i a b i l i t y  of tum our c e l l s .
2o4»3 T r a n s p la n t a t i o n  i n  Cured and P r e i r r a d i a t e d  S i t e s ;
The aims of t h e s e  e x p e r im e n ts  were t o  s tu d y  th e  e f f e c t  
of th e  tum our bed on th e  p e rc e n ta g e  t a k e ,  l a t e n t  p e r io d
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aaid th e  growth o f  t h e  tumour and a l s o  t o  f i n d  out any 
d i f f e r e n c e  betw een th e  tumour bed e f f e c t  i n  th e  cu red  
and p r e i r r a d i a t e d  s i t e s .
The te c h n iq u e  o f  t r a n s p l a n t a t i o n  was s i m i l a r  t o  t h a t  
d e s c r ib e d  i n  s e c t i o n  2 . 4»2 and mice w ith  p r e i r r a d i a t e d  
o r  cured  area.s o f  on ly  1 t o  1 ,5  cm d ia m e te r  were u sed  
f o r  t h e s e  e x p e r im e n ts .  The i n j e c t i o n s  were aiir.ed a t  
t h e  c e n t r e  o f  t h e  t r e a t e d  aroa.s; however a  fev; deep, 
u l c e r a t i n g ,  doub le  and m a rg in a l  tum ours were o b ta in e d .  
These were d i s c a r d e d  from th e  a n a l y s i s .
The cu red  mice were c o l l e c t e d  from s e v e r a l  i r r a d i a t i o n  
e x p e r im en ts  perfo rm ed  a t  d i f f e r e n t  t im e s .  Hence th e  
t im e  between i r r a d i a t i o n  and t r a n s p l a n t a t i o n  v a r ie d  
betw een 100 and 250 d a y s .  These mice were c o l l e c t e d  i n  
two groups; one group o f  mice r e c e iv e d  s in g l e  doses  
from  60 t o  85 Gy X—r a y s  a lo n e  and an o th e r  group o f  mice 
was t r e a t e d  w ith  s i n g l e  d o se s  from 25 t o  45 Gy X—r a y s  
p lu s  M is o n id a z o le .  A s i n g l e  dose of ?0 Gy was chosen  
f o r  slcin i r r a d i a t i o n  ( s e e  s e c t i o n  2 .5*5) and th e  t im e  
betw een i r r a d i a t i o n  and t r a n s p l a n t a t i o n  was between 100 
and 110 d a y s .
D e sp i te  th e s e  in e ^ / i t a b l e  d i f f e r e n c e s  in  th e  d o ses  o f  
X -ray s ,  th e  t im in g  be tw een  i r r a d i a t i o n  and 
t r a n s p l a n t a t i o n  and th e  age o f  t h e  mice, t h e  ex p e r im en ts  
were c a r r i e d  out on th e  a ssum ption  t h a t  n e i t h e r  th e  
t im e  no r  doses  of 25 Gy or more would have a p p r e c ia b le  
e f f e c t s  on th e  tum our bed e f f e c t  a.s m entioned  in  s e c t i o n
1 *7 .
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2 ,4 * 4  Trnnsp l  n . n t a t l o n  U s i n g  R nr .n r rnn t  Tumours;
The aim of t h i s  experim en t was t o  f i n d  out i f  th e  
re d u c e d  growth r a t e  o f  r e c u r r e n t  tum ours was due t o  a  
tumour bed e f f e c t  o r  a  c e l l  damaging or a  c e l l  s e l e c t i v e  
VG'fft'Ct o f  r a d i a t i o n  on tumour c e l l s .  From th e  r e c u r r e n t  
tum ours fo l lo v j in g  s in g le  X -ray  doses  o f  50 and 60 Gy, a 
10 mm di am eter  tum our was chosen from each  dose and 
p re p a re d  i n t o  a  c e l l  su sp e n s io n ,  u s in g  s i m i l a r  
p ro c e d u re s  as  d e s c r ib e d  i n  s e c t i o n  2 ,4 * 1 .  However, 
t h e s e  tum ours were d i f f i c u l t  t o  e x c i s e  and mince due t o  
t h e  i r r a d i a t e d  s u r ro u n d in g  t i s s u e s  and th e  tough 
c o n s i s t e n c y  of t h e  tu m o u rs .  T h is  d i f f i c u l t y  i n  m incing  
and th e  e x c e ss  tu n  our d e b r i s  l e d  t o  a  sm all y i e l d  of 
c e l l  s u sp e n s io n ,  o n ly  enough f o r  5 r e c i p i e n t  mice from 
each tumour a f t e r  th e  d i l u t i o n  t o  10^ c e l l s  p e r  0 ,0 5  m l .
2 . 4 .5  O ther T r a n s p l a n t a t i o n  P ro c e d u re s ;
The same t r a n s p l a n t a t i o n  te c h n iq u e  d e s c r ib e d  i n  s e c t i o n
2 , 4 .2  was used  f o r  t r a n s p l a n t a t i o n  i n  immunized mice and 
o u ts id e  t h e  c u re d  s i t e s .
2 .5  Technique o f  I r r a d i a t i o n
2 . 5.1 The X—r a y  U nit
X—r a y s  were d e l i v e r e d  from a Siemens S t a b i l i p a n  I  u n i t ,  
o p e r a t i n g  a t  250 kV and a f i l a m e n t  c u r r e n t  o f  I 5 mA.
Beam f i l t r a t i o n  was such as  t o  g ive  a i  experim en t a l l y  
d e te rm in e d  f i r s t  IiVL of I .85 ™ O.O5 mm Cu and a dcso  r a t e  
of 110 r a d s /m in u te  a t  57 em FSD. Tlie X -ray  tubu  vuaS
5 7
p o s i t i o n e d  a t  th e  hase  o f  a sh ie ld e d  hox, c o n s i s t i n g  of 
le a d  plywood su p p o r ted  on a sim ple m e ta l  fram e w ith  th e  
X -ray  beam d i r e c t e d  tow ard  th e  to p  s u r f a c e  o f  th e  box.
The c o n s t r u c t i o n  of th e  u n i t  i n  t h a t  way was v e ry  
co n v en ien t  f o r  tuinour i r r a d i a t i o n  and o th e r  
r a d i o b i o l o g i c a l  s t u d i e s  (d iagram  2 .1  and p l a t e  2 , l ) .
2 . 5 .2  I r r a d i a t i o n  P ro c e d u re s
In  a  p i l o t  s tu d y ,  mice were r e s t r a i n e d  i n  p e rs p e x  tu b e s  
which were p o s i t i o n e d  so t h a t  th e  tumour and th e  
abdominal c a v i ty  were over a 1 ,5  cm wide s l o t  cu t  i n  a 
3 mm t h i c k  l e a d  s h e e t .  The aim of t h a t  method was th e  
com parison of t h e  r a d i a t i o n  e f f e c t s  on th e  tumour and 
t h a t  o f  t h e  g u t .  The method was abandoned s in c e  a l l  
mice d ie d  from th e  g a s t r o —i n t e s t i n a l  syndrome i n  4“*5 
days a f t e r  s in g l e  d o se s  o f  i> l8 0 0  r a d s  w i th o u t  any 
d e t e c t a b l e  e f f e c t s  on t h e  tumour, and a l s o  s in c e  gut 
damage w ith  low er d o ses  might modify th e  tumour r e s p o n s e .  
A f i n a l  method was adopted  f o r  i r r a d i a t i o n  o f  th e  tum ours 
a t  6 i  1 mm mean ex te rn a l ,  d ia m e te r ,  w i th  l e a d  s h i e l d i n g  
o f  th e  mouse body, A ll  th e  i r r a d i a t i o n  p ro c e d u re s  were 
cal l  l e d  out a t  room te m p e ra tu re  w ith  mice b r e a t h i n g  a i r  
and w i th o u t  a n a e s t h e s i a .
Pour c y l i n d r i c a l  j i g s  have been d es ig n ed  f o r  t h i s  
i r r a d i a t i o n  te c h n iq u e .  Each was made of a  s h e e t  o f  l e a d ,  
2 m;n t h i c k ,  9 cm lo n g  and 8 cm w ide, A s l i t  of 1 .5  miw 
w idth  and 6 cm le n g th  was c r e a te d  where th e  edges o f  t h e  
l e a d  s h e e t  met, ( p l a t e  2 . 2 ) ,  P l a s t i c  caps  w ith  m u l t i p l e
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S h ie ld e d  b o x
P o ss ib le  sh e l f  
p o s i t io n s
C o l l im a to r
X r a y  tu b e  
housin g ^
C o n c r e te  f lo o r
Diagram 2.1: Schematic plan o f ir ra d ia tio n  box.
P la te  2.1: Set up for  tumour ir r a d ia t io n .
P la te  2 .2: Irra d ia tio n  j ig ,
P la te  2 .3: Tumour held  out wit h the ir ra d ia tio n  j ig ,
a i r h o l e s  were f i t t e d  a t  each  end t o  a l lo w  a  p l e n t i f u l  
s u p p ly  o f  f r e s h  a i r  f o r  b r e a t h in g  and t o  red u ce  
p e r s p i r a t i o n  d u r in g  i r r a d i a t i o n .
A mouse was in t r o d u c e d  i n t o  each j i g  and th e  tumour 
was h e ld  o u t m t h  th e  le a d  s h i e l d i n g  by g e n t l e  g u id in g  
of th e  tumour p e d i c l e  Lhi-ough Lhe s l i t  ( p l a t e  2 . 3 ) .
Tiie w id th  o f  th e  s l i t  was such t h a t  on ly  minimal 
p r e s s u r e  would be a p p l ie d  t o  th e  two s k in  l a y e r s .
A rem ovable m e ta l  c l i p  was p la c e d  a t  each  end o f  t h e  j i g  
t o  su p p o r t  i t  on a  p e rsp e x  s h e l f  d u r in g  i r r a d i a t i o n .
Two r e c t a n g u l a r  le a d  s l ie e ts  3 mm t h i c k  and 1 .5  cm a p a r t  
were f i x e d  t o  t h e  u n d e r s u r f a c e  o f  th e  s h e l f .  T h is  
a rrangem ent was d e s ig n e d  t o  l i m i t  t h e  w id th  of f i e l d  o f  
i r r a d i a t i o n  t o  1 ,5  cm, a c ro s s  which a maximum of 4 
tum ours  cou ld  be i r r a d i a t e d  s im u l ta n e o u s ly .  The smooth 
u pper  s u r f a c e  o f  th e  s h e l f  a llow ed  f r e e  m a n ip u la t io n  o f  
th e  j i g s  f o r  t h e  a p p r o p r ia t e  p o s i t i o n i n g  o f  t h e  tum ours  
over t h e  narrow  f i e l d  of i r r a d i a t i o n  ( p l a t e  2 . l ) ,
The m a jo r i t y  o f  th e  an im als  r e l a x e d  q u i e t l y  i n  t h e  j i g s  
w i th in  a  few m in u tes ,  b u t  some o f them n ib b le d  on th e  
cU'iteiior edge o f  t h e  l e a d .
I r r a d i a t i o n  was s t a r t e d  soon a f t e r  r e s t r a i n i n g  th e  mice 
and s e t t i n g  th e  tum ours i n  p o s i t i o n .  The tum ours  were 
i r r a d i a t e d  w ith  t h e i r  c e n t r e s  1 cm above th e  s h e l f  or 
57 cms from th e  t a r g e t  o f  th e  X -ray  tu b e ,  i n  a 
t a n g e n t i a l  p o s i t i o n  t o  avo id  any s h i e l d i n g  by t h e  le a d  
j i g .  Tlie tum ours were k ep t  i n  th e  same p o s i t i o n  and 
w ith o u t  180° r o t a t i o n  d u r in g  i r r a d i a t i o n .  Due t o  th e
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tu i i io u i ' '  s i t e  o n  t h e  h a c k ,  t h e  m i c e  w e r e  l y i n g  o n  t h e i r  
B i d e s *
2*5*3 D osim etry :
A ll  th e  dose r a t e  m easurem ents were made u s in g  a 
Farm er—Baldwin dosem eie r  which had been  c a l i b r a t e d  
a g a in s t  a  s ta n d a rd  in s t ru m e n t  f o r  th e  en e rg y  u s e d .  The 
dose r a t e  wes checked a t  f r e q u e n t  i n t e r v a l s .
The dose p r o f i l e  w i th in  th e  le a d  j i g  and th e  c e n t r e  of 
th e  tumour was d e te rm in e d  u s in g  LiP th e rm o lu m in escen t 
d o s e m e te r .  S a c h e ts  of LiP  / i - r o d s  were p la c e d  v d th in  th e  
j i g  which was f i l l e d  w ith  t i s s u e  e q u iv a le n t  m a te r i a l  
( s t  and 2i"d b o lu s  -  KgSO^/suer ose sp h e re s )  and i n  th e  
c e n t r e  o f  a  tumour phantom made from th e  same m a te r i a l  
e n c lo se d  i n  a t h i n  ru b b e r  c o v e r in g .
The tumour dose d e te rm in e d  by TLD d o s im e try  was i n  good 
agreem ent w i th  t h e  i o n i z a t i o n  chamber m easurem ent. The 
abso rbed  d o se s  t o  t h e  s h ie ld e d  p a r t s  of t h e  mouse were 
found t o  be a p p ro x im a te ly  Yfo of th e  tumour dose (A,M, 
P e r r y ,  p e r s o n a l  com m unica tion ),
2 , 5 .4  G enera l Comments on th e  Technique of I r r a d i a t i o n :
No s i g n i f i c a n t  d i f f e r e n c e  was observed  betw een th e  
tumour r e s p o n s e  u s in g  th e  above i r r a d i a t i o n  te c h n iq u e  
and t h a t  of c la » p e d  tu n  ou rs  ( s e c t i o n  2*5 .5 )*  Tliis  m ight 
i n d i c a t e  a h ypox ic  n a tu r e  o f  th e  tumour, e s p e c i a l l y  w ith  
th e  p re s e n c e  o f  m u l t ip l e  a r e a s  of n e c r o s i s  ( s e c t i o n  
3 . 1 2 , 2) ,  However, t h i s  o b ta in e d  tumour r e s p o n s e  might
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p a r t i a l l y  r e s u l t  from im pairm ent of th e  turnour b l^ o d  
f low  by t h e  i r r a d i a t i o n  te c h n iq u e  as  su g g e s te d  by th e  
f o l l o w i n g : "
1 — th e  a d v e rse  e f f e c t  of anim al r e s t r a i n i n g  on th e
b lo o d  f low  h a s  been  c la im ed  by Z a n e l l i  and Lucas 
( 234) -  The r e s t r a i n i n g  p e r io d s  i n  th e  p r e s e n t  
system  v a r i e d  from 5 m inu tes  t o  mor^ th a n  one ho u r  
a c c o rd in g  t o  th e  d e l iv e r e d  dose;
2 "  th e  tumour b lo o d  supp ly  o r i g i n a t e d  from th e  t h i n
w a l le d  sub cu tan eo u s  b lood  v e s s e l s .  These v e s s e l s  
were e a s i l y  d i s t o r t e d  by s l i g h t  p r e s s u r e  o r  minimal 
s k in  t r a c t i o n .  T h is  would occur w i th  t h e  tumour 
p e d i c l e  p u l l e d  out th ro u g h  th e  narrow  s l i t  of t h e  
i r r a d i a t i n g  j i g  and th e  a t te m p ts  o f  t h e  
u n a n a e s t h e t i z e d  mouse t o  p u l l  t h e  tum our i n ,  d u r in g  
i r r a d i a t i o n ;
3 — im pairm ent of Xenon~133 c lea ran ce  from th e  tumour
when th e  mouse was r e s t r a i n e d  i n  th e  j i g  ( s e c t i o n  
2 ,6),
D e s p i te  t h i s  p o s s i b i l i t y  of im pairm ent o f  th e  tumour 
b lood  f lo w  d u r in g  i r r a d i a t i o n ,  t h i s  te c h n iq u e  of 
i r r a d i a t i o n  h a s  been adopted  tl iroughou t t h e  p r e s e n t  work 
f o r  t h e  f o l lo w in g  r e a s o n s :  —
1 — I t  was n o t  d e s i r a b l e  t o  use  a n a e s t h e s i a ,  as  i t  
im p a i r s  th e  b lood  f lo w  of tum ours (235'-23T). 
F u r th e rm o re ,  lo n g  t r e a tm e n t  p e r io d s  were needed , 
e s p e c i a l l y  w ith  th e  l a r g e  s in g le  d o se s ,  due t o  th e  
r e l a t i v e l y  low dose r a t e  o f  th e  a v a i l a b l e  X—r a y
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m a ch in e •
2 «- I t  was e s s e n t i a l  t o  av o id  any r a d i a t i o n  in d u c ed
an im al d e a th s  (g u t ;  hone marrow) because  o f  t h e  shoi-t 
su p p ly  o f  mice;
3 th e  t e c h n iq u e  h a s  p ro v id e d  ad eq u a te  r e s t r a i n i n g  o f  
t h e  u n a n a e s t h e t i s e d  mouse and adequa te  s h i e l d i n g  o f  
t h e  g u t  and bone marrow d u r in g  i r r a d i a t i o n .  The 
w id th  of th e  s l i t  was t o  p re v e n t  th e  in n e r  p a r t  of 
t h e  tum our from s l i d i n g  back i n t o  t h e  j i g ,  w h i l s t  
s t i l l  a v o id in g  com plete  o b s t r u c t i o n  o f  t h e  tumour 
b lo o d  s u p p ly  and t h e  p o s s i b l e  damaging e f f e c t  o f  
p ro lo n g ed  c lam ping  m entioned  i n  s e c t i o n  1 ,1 1 .
In  t h e  p r e p a r a t i o n  f o r  tum our i r r a d i a t i o n ,  t h e  tum our, 
t h e  s u r ro u n d in g  s k in  and t h e  sub cu tan eo u s  t i s s u e  w i th  
th e  n e e d le  t r a c k  were in c lu d e d  i n  t h e  f i e l d  of 
i r r a d i a t i o n  t o  red u ce  th e  p o s s i b i l i t y  o f  m a rg in a l  
r e c u r r e n c e s  due t o  i n v i s i b l e  tum our f o c i .  However, a t  
t h e  end o f  i r r a d i a t i o n ,  some of t h e s e  tum our p e d i c l e s  
were p u l l e d  i n  by t h e  u n e n a e s th e t i z e d  m ic e .  T h is  was 
t h e  most l i k e l y  r e a s o n  f o r  some m a rg in a l  r e c u r r e n c e s  i n  
th e  sy s tem . These were exc luded  c o m p le te ly  from 
a n a l y s i s .
2 . 5 .5  I r r a d i a t i o n  P ro c e d u re s  f o r  Clamped (Hypoxic) Tumours:
Tlie same p ro c e d u re s  as th o s e  d e s c r ib e d  i n  s e c t i o n  2 .5*2  
were fo l lo w e d  u s in g  4 i d e n t i c a l  j i g s .  The o n ly  
d i f f e r e n c e  was t h a t  no s l i t s  were c r e a t e d  where t h e  
edges  o f  t h e  l e a d  sh e e t  m e t.  Hypoxia was a c h ie v e d  by
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t h e  sq u eez in g  e f f e c t  o f  t h e  b lu n t  edges a c r o s s  th e  
tumour p e d i c le  on th e  a p p l i c a t i o n  o f  th e  p l a s t i c  c a p s .  
T h is  method was enough t o  c o m p le te ly  s to p  t h e  b lood  
su p p ly  o f  th e  tum ours as  s u g g e s te d  by t h e  absence  of 
Xenon*133 "c lea rance  ( s e c t i o n  2 . 6 ) .  An i n t e r v a l  o f  10 
m in u tes  was allow ed between th e  clam ping  o f f  p ro ced u re  
and th e  s t a r t  of i r r a d i a t i o n .
To f i n d  out th e  e f f e c t  o f  c lam ping  i t s e l f ,  12 
u n i r r a d i a t e d  tum ours were clamped f o r  1 .5  h o u rs ;  th e  
l o n g e s t  t im e  needed f o r  i r r a d i a t i o n  o f  clamped tu m o u rs . 
No n e c r o s i s  o f  s k in ,  no r  changes i n  tumour groivth r a t e  
were n o t i c e d  ( t a b l e  3 . 6 ) .
2 . 5 .6  I r r a d i a t i o n  P ro c e d u re s  f o r  Sk in  F o ld s :
I r r a d i a t i o n  o f  th e  s k in  f o l d s  was perfo rm ed  t o  pro^zide 
enough p r e i r r a d i a t e d  s i t e s  f o r  th e  s tu d y  o f  th e  tumour 
bed e f f e c t ,  t h e  s tu d y  of s k in  r e a c t i o n s  i n  th e  absence 
o f  tum ours  and a l s o  f o r  t h e  s tu d y  of  t h e  e f f e c t  o f  
r a d i a t i o n  r e c e iv e d  by th e  mouse body i n s i d e  th e  j i g  on 
t h e  p h y to h a e m a g g lu t in in  (PHA) in d e x .  The p ro c e d u re s  
f o r  s k in  i r r a d i a t i o n  were s i m i l a r  t o  th o s e  d e s c r ib e d  
f o r  tumour i r r a d i a t i o n  ( s e c t i o n  2 .5 * 2 ) .  A s k in  f o ld  
from th e  back o f  th e  mouse ( th e  u s u a l  s i t e  f o r  r o u t i n e  
t  r  an s p i a n t  a t  i  on) was p assed  th ro u g h  th e  s l i t  of th e  
i r r a d i a t i n g  j i g  end f i x e d  lo o s e l y  w ith  s e l l o t a p e  t o  th e  
s id e  of th e  j i g  n e a r e r  t o  th e  s h e l f .  The d ia m e te r  o f  
t h i s  f o l d  was about 1 .5  cm. However, some o f t h e  mice 
p u l l e d  i n  pai'-t of th e  f o ld  d u r in g  i r r a d i a t i o n .
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A s i n g l e  dose of 70 Gy was chosen f o r  i r r a d i a t i o n  of 
th e  skin* T h is  dose was i n  th e  dose ran g e  t h a t  produced 
h ig h  tum our cm^e r a t e s  and was beyond th e  dose l e v e l s  
f o r  maximum tup'our bed e f f e c t  ( i . e .  th e  p l a t e a u  phase)  
as  m entioned  i n  s e c t i o n  1 .7*
2 . 5 ,7  S p l i t  Dose E xperim ents:
The pu rpose  of th e s e  ex p e r im en ts  was t o  s tu d y  th e  
r a d i o b i o l o g i c a l  p r o c e s s e s  o c c u r r in g  i n  th e  s p l i t  dose 
ex p e r im en ts  m entioned  i n  s e c t i o n  1 .1 1 .  T h is  was i n  
r e l a t i o n  t o  i n t e r v a l s  of 3 ,1 2 ,2 4 ,4 8  and 72 h o u rs  i n  
betw een th e  two f r a c t i o n s  and a l s o  t o  t h e  i n i t i a l  dose 
l e v e l s  o f  30 ,35  and 50 Gy.
A t o t a l  dose o f  70 Gy was chosen in  o rd e r  t o  ana lyze  
th e  r e s u l t s  u s in g  b o th  t h e  cu re  p e rc e n ta g e  and th e  d e la y  
i n  g row th . F u r th e rm o re ,  t h e  m agnitude of t h e  
r a d i o b i o l o g i c a l  p r o c e s s e s  would be a t  or n e a r  t h e i r  
maximum.
The minimal i n i t i a l  dose u sed  in  th e s e  e x p e r im e n ts  was 
20 Gy which would be enough t o  k i l l  a l l  o r  most o f  th e  
w e l l  ox5’'genated c e l l s .  Hence th e  o b ta in e d  r e s u l t s  would 
be m a in ly  due t o  t h e  hypox ic  tumour c e l l s .  T liis  dose 
would a l s o  be expec ted  t o  i n f l i c t  n e a r l y  maximum 
v a s c u l a r  damage; t h e r e f o r e ,  t h i s  damage would be th e  
sane a t  h ig h e r  dose l e v e l s  ( i . e .  a  common f a c t o r  i n  a l l  
th e  e x p e r im en ts )  and would n o t  in f l u e n c e  t h e  o b ta in e d  
r e s u l t s ,
6 4
2 .5*8 M ison idazo le :
The hypoxic  c e l l  r a d i o E e n e i t i z i n g  d rug  ’'ÎÜ E onidazole"  
( k in d l y  s u p p l ie d  by P r o f . G.E. Adams) was f r e s h l y  made 
up as a s t e r i l e  s o l u t i o n  i n  0 . ^  w /v s a l i n e  a t  a 
c c n c e n t rn tk o n ’ o f  25 t j^ p p a r  ml... . I n c u b a t io n  o f  th e  
s o lu t i o n  a t  37^ f o r  h a l f  an hour h e lp e d  th e  d ru g  to  
d i s s o lv e  c o m p le te ly .
The s o l u t i o n  was th e n  i n j e c t e d  i n t r a p e r i t o n e a l l y  30 
m inu tes  b e fo re  t h e  s t a r t  of i r r a d i a t i o n  a t  a dose of 
1 mg/gm body w eight f o r  s i n g l e  dose e x p e r im en ts  and 
0 .67  mg/gm i n  th e  s p l i t  dose e x p e r im e n ts .
The t im in g  of i n j e c t i o n s  and th e  d o se s  used  were chosen 
f o r  com parison wdth much of t h e  p u b l i s h e d ' l i t e r a t u r e  
( 21, 23, 35 , 48, 51 , 58; ^ 3 ; 64 ) .  The o p tim al t im in g  f o r  
a d m in i s t r a t i o n  o f  t h e  d ru g  was n o t  t e s t e d ;  however, 
t h e  o b ta in e d  h ig h  enhancement r a t i o  (ER) would sugges t 
t h a t  30 m inu tes  was w i th i n  t h e  o p tim a l t im in g  f o r  th e  
p r e s e n t  w ork . =
2 .6  Xenon—133 S tu d ie s :
In t r a tu m o u r  Xenon-133 i n j e c t i o n  te c h n iq u e  (237 ,238 )  was 
used  i n  t h i s  i:ork t o  t e s t  im pairm ent o f  t h e  b lood  
su p p ly  t o  t h e  tum our w ith  t h e  j i g  used  f o r  r o u t i n e  
i r r a d i a t i o n .  I t  was a l s o  used  t o  t e s t  com plete  o c c lu s io n  
of th e  b lood  su p p ly  wdth th e  j i g  used  f o r  tumour 
c l  am.ping.
There i s  l i t t l e  p rc \ ' io u c  work and few quant i t  a t i v e  d a t a  
a v a i l a b l e  on b lood  flow  i n  tunioui-’s and vaaûous methods
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have "been u sed :  sy s te m ic  dyes  (239’“24d); th e  oxygen
cathode  method (7 4 , 242);  therm odynamic system  ( 243); 
i s o to p e  i n d i c a t o r s :  p o ta s s iu m -42; ruh id iu jn -86 ;
Icr;>pton-85 and xenon-133 (2 3 7 ,2 3 8 ,2 4 4 -2 4 6 ) .  Hence, i t  
i s  d i f f i c u l t  t o  e v a lu a te  th e  ac c u ra c y  o f  each  method 
and i t  was f e l t  t h a t  th e  xenon-133 c l e a r a n c e  te c h n iq u e  
was s u i t a b l e  f o r  a  l i m i t e d  b lo o d  f low  s tu d y  as  i n  t h i s  
work.
With a  r a d i o a c t i v e  i n e r t  gas  l i k e  k ry p to n -8 5  and xenon- 
133, th e  s lo p e  o f  t h e  m onoexponen tia l  c l e a r a n c e  curve 
i s  u s u a l l y  assumed t o  be r e l a t e d  t o  th e  b lood  f low  i n  
t i s s u e s ,  bu t on ly  under c e r t a i n  c o n d i t io n s  (v iz :  
homogeneous t i s s u e ,  rem oval o n ly  by c o n s ta n t  b lood  f low ; 
immediate d i f f u s i o n  e q u i l i b r i u m  and no r e c i r c u l a t i o n ) .  
However, tum ours a r e  n o t  homogeneously p e r fu s e d  t i s s u e s  
( n e c r o t i c  a v a s c u la r  a r e a s  and v i a b l e  v s e c u la r  a r e a s ) .
The c le a r a n c e  p a t t e r n ,  i n  t h i s  case  i s  v e ry  complex and 
a  m u l t i  exp onent i  a l  c l e a r a n c e  cu rve  would be e x p e c te d .  
Both, G i l l e s p i e  (247) and S t r a n g  ( 248) have drawn 
a t t e n t i o n  t o  t h e  g r e a t  c a re  and th e  complex m a them atica l 
a n a l y s i s  of t h e  c l e a r a n c e  from  non—homogeneous t i s s u e s .  
For t h i s  r e a s o n ,  xenon-133  was used  i n  t h i s  work as  a 
q u a l i t a t i v e  and n o t  a b s o lu t e  measurement o f  tumour b lood  
f lo w .
R a d io iso to p e  Technique:
U n a n a e s th e t iz e d  C3H mice b e a r in g  tum ours were used  f o r  
t h i s  s tud jq  one mouse a t  a t i m e .  The tum our s iz e  was 
th e  same as t h a t  u sed  f o r  i r r a d i a t i o n  (6 — 1 mm mean
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diajKieter) mid th e  f'or c o v e r in g  th e  tLcoour was c l ip p e d  
b e fo re  t h e  xenon-133 i n j e c t i o n ,  33 /iCi i n  10 / j 1  volume 
of an i s o t o n i c  s a l i n e  s o l u t i o n  o f  Xenon-133 (lO mCi/3 ml) 
was i n j e c t e d  a t  3 s i t e s  a lo n g  th e  n e e d le  t r a c k  a t  th e  
middle o f  th e  tum our, u s in g  a  $0 pil s^cringe and 2 3 -conge 
n e e d le .  P r e c : n i i o n s  were ta k e n  t o  keep  tlip e n in t i  nn 
f r e e  of a i r  i n  b o th  th e  v i a l  and s y r i n g e ,
The n ic e  were p la c e d  im m ed ia te ly  a f t e r  th e  tumour 
i n j e c t i o n  i n  a  p l a s t i c  b a s k e t  of i n s i d e  d im ensions  
3 X 3 X 4*5 cm, or b e fo re  t h e  i n j e c t i o n  i n  th e  j i g s  
used  f o r  r o u t i n e  i r r a d i a t i o n  or tumour clam ping  i n  a 
s im i l a r  way t o  t h a t  d e s c r ib e d  f o r  tumour i r r a d i a t i o n  
( s e c t i o n s  2 .5 .2 ,  2 .5 * 5 ) .
R a d i o a c t i v i t y  was d e t e c t e d  by a  s c i n t i l l a t i o n  c o u n te r  
model DM1—1 w ith  a 1 .5  in c h  Nal c r y s t a l ,  p la c e d  20 cm 
from th e  mouse. The o u tp u t  of th e  d e t e c t o r  was 
p ro c e sse d  \d .th  a  S c a l e r - r a t e m e te r  SR5 a t  a  t im e  c o n s ta n t  
of 10 seco n d s .  P r i n t o u t s  o f  th e  d a t a  were o b ta in e d  
u s in g  D a ta  Dynamic, Model 3$0 page p r i n t e r  (ASR 33 
p r in t o u t  ty p e  51&0A). A ll  th e s e  equ ipm ents  were 
s u p p l ie d  by N u c lea r  E n t e r p r i s e s  L td . ,  E d in b u rg h , 
Background a c t i v i t y  was r e c o rd e d  b e fo re  each  Xenon—133 
experim ent and th e  c o u n t in g  was c o n t in u ed  f o r  
ap p ro x im a te ly  30 m in u te s .  The co u n ts  in c lu d e d  th e  
r e s i d u a l  a c t i v i t y  i n  th e  tumour w ith  minimal 
c o n t r i b u t i o n  from th e  anim al body and th e  e x p i re d  a i r .  
A f te r  o m i t t in g  some tum ours where b a c k t r a c k in g  of 
Xenon was n o t i c e d  a lo n g  t h e  n e e d le  t r a c k ,  5^8 mice
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were a v a i l a b l e  f o r  a n a l y s i s  i n  each group ( b a s k e t ,  j i g  
used f o r  r o u t i n e  i r r a d i a t i o n  and j i g  used f o r  tumour 
c l a m p in g ) .
For each Xenon-133 coun t ,  th e  a p p r o p r ia te  background 
c o r r e c t i o n  was perform ed and th e  co u n ts  were e x p r e s s e d  
as a p r o p o r t i o n  of t h e  i n i t i a l  co iu it .
F ig u re  2 .1  shows Xenon-133 c le a r a n c e  f o r  each  group 
where th e  r e l a t i v e  Xenon count i s  p l o t t e d  a g a in s t  tim e 
on a  s e m i lo g a r ism ic  g raph  p a p e r .  I t  can be seen  t h a t  
c lam ping  e f f e c t e d  com ple te  s toppage of Xenon-133 
c l e a r a n c e .  There i s  a l s o  slow c le a r a n c e  f o r  tum ours 
v d th  mice r e s t r a i n e d  i n  th e  j i g  used  f o r  r o u t i n e  
i r r a d i a t i o n .  T liis i s  i n  com parison w ith  Xenon-133 
c l e a r a n c e  f o r  mice i n  th e  b a s k e t .  These f i n d i n g s  
su g g es t  im pairm ent o f  th e  b lood  f low  of th e  tum ours  i n  
th e  j i g  used  f o r  r o u t i n e  i r r a d i a t i o n .  The p o s s i b l e  
mechanisms of  t h i s  im pairm ent have been d i s c u s s e d  i n  
s e c t i o n  2 .5 * 8 ,  .
2 ,7  Im m unological S tu d ie s  o f  th e  Tumour System;
As y e t ,  t h e r e  i s  no s a t i s f a c t o r y  method f o r  th e  
a ssessm en t of im m unogenic ity  n o r  f o r  h o s t  im m u n iza tio n .  
T h is  i s  p a r t l y  due t o  th e  complex n a tu r e  o f  th e  inmiune 
system  and a l s o  t h e  v a r i a t i o n  i n  te c h n iq u e s  betw een 
l a b o r a t o r i e s .  F u r th e rm o re ,  many of  th e s e  methods and 
a s sa y s  a re  no t s p e c i f i c  and o f  low s e n s i t i v i t y ,  l e a d in g  
t o  vfidespread  d o u b ts  about t h e i r  q u a n t i t a t i v e  v a l i d i t y  
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Figure 133,Xe clearance from tumours.
A Clamped tumours
•  R estrained mice in  the ir ra d ia tio n  j ig  
with tumour outwith the s l i t  
o restra in ed  mice in  a "basket 
Error "bars ( l  s .e .m .)  are shown every  
2 minutes fo r  c la r ity
In  th e  proüenk Viorh, h i . - t o lo g i c a l  s e c t i c n e  o f  th e  
tumour were sea rch ed  th o ro u g h ly  f o r  th e  p re s e n c e  of a 
h o s t  c e l l u l a r  r e a c t i o n  and th e  growth o f  th e  tumour was 
s tu d ie d  a f t e r  im m unisa tion  of  th e  r e c i p i e n t  mice w ith  
l e t h a l l y  i r r a d i a t e d  c e l l s .
Tlie r e s p o n s e  of T- lymplioc^'tes t o  th e  m itogen 
p h y to h a e m a g g lu t in in  (PILi) was a l s o  used  f o r  i t s  
s i m p l i c i t y  and i t s  c lnn ica] ,  use f o r  cance r  p a t i r  n t s  a t  
our r a d io t h e r a p y  i n s t i t u t e ,
2 . 7 .1  Im m unization  P ro c e d u re s :
A tumour c e l l  s u sp e n s io n  of 10^ c e l l s / 0 . 0 5  ml was 
p re p a re d  as  i n  s e c t i o n  2.4*1» t h i s  was i r r a d i a t e d  i n  a 
T .30 f l a s k  w i th  a s in g l e  X -ray  dose o f  90 Gy a t  a  dose 
r a t e  o f  1 ,2 8  Gy/mi.nute. Each mouse, th e n  r e c e iv e d  3 
i n t r a p e r i t o n e a l  i n j e c t i o n s ,  each of 2 x  10^ l e t h a l l y  
i r r a d i a t e d  c e l l s  (O .l  ml s u sp e n s io n ) ,  a t  w eekly  
i n t e r v a l s .  Tlie mice were c h a l le n g e d  3 weeks from th e  
f i r s t  i n j e c t i o n  w ith  a  tumour t r a n s p l a n t  u s in g  th e  same 
te c h n iq u e  d e s c r ib e d  i n  s e c t i o n  2 .4*2 .
Some of th e  immunized mice v.’ore d e s ig n a te d  f o r  
s t u d i e s  i n s t e a d  o f  t r a n s p l a n t a t i o n .  Tlie s i n g l e  dose of 
90 Gy was "beyond th e  100^ tumour c u r a t i v e  dose  and vjas 
ex p ec ted  t o  k i l l  a l l  th e  tumour c e l l s  i n  s u s p e n s io n .  
T h is  was confirm ed hy th e  a"usence of a s c i t e s  i n  "both 
th e  mice c h a l le n g e d  w itli tum ours and th e  immunized üiice 
w ith o u t  tiunours, k ep t  f o r  more th a n  one month from th e  
day of th e  f i r s t  i n j e c t i o n .
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2 .7 .2  PHA S tu d io s :  (perfo rm ed  by S.H. ChoTibcrlain)
The in itogeriic  re sp o n se  i s  a  s im ple i n  v i t r o  t e s t  v;hich
g iv e s  a q u a n t i t a t i v e  m easure o f  th e  a b i l i t y  of
T-lym phocytes t o  re sp o n d  t o  a  g e n e ra l  a n t i g e n i c
s t im u lu s ,  i n i t i a t i n g  11'A s y n th e s i s  and c e l l  d i v i r t  ^n.
Tn b r i e f ,  one nnJA.i^^n lym phocytes from th e  mouse : p i  con
were c u l tu r e d  i n  th e  p re se n c e  of PHA f o r  4 days a t  37^C,
^"^Cb-thymidine ( s p .  a c t i v i t y  $0 pidi/mp) was th e n  nerd  t o
l a b e l  th e  lym phocytes , u n d e rg o in g  DMA s y n t h e s i s  and
s c i n t i l l a t i o n  com its  gave th e  measure of a c t i v i t y  which
was e x p re s s e d  as:
Pu/> a c t i v i t y  o f  PHA s t im u la t e d  c u l t u r e
a c t i v i t y  of u n s t im u la te d  c u l t u r e
PHA t e s t i n g  was done f o r  th e  f o l lo w in g  groups of n ic e ;
1 — C o n tro l  mice b e a r i n g  no tu m o u r .
2 — P ic e  b e a r i n g  spon taneous  mammary tu m o u rs .
3 *•- Mice b e a r in g  t r a n s p l a n t e d  tum ours ,
4 Mice cu red  w ith  r a d io t h e r a p y .
5 Immuniacd mice a t  th e  end o f  t h e  t h i r d  week fo l lo w in g  
imr.TuUii z a t  i  on .
6 Mice w ith  tumour t r a n s p l  an ted  i n  an i r r a d i a t e d  sk in  
f o l d  ( s e e  s e c t i o n  2 ,5 * 5 )•
2 .8  Tumour He asurem ent s :
Prom th e  l a r g e  amount of l i t e r a t u r e  d e a l i n g  w ith  
e x p e r im e n ta l  anim al tu inours, r;jOst i n v e s t i g a t o r s  o b ta in e d  
s e r i a l  e x t e r n a l  measurements of th e  tiunour d ia n ic tc r s  
u s in g  V e rn ie r  c a l i p e r s .
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For th e  p r e s e n t  tumour system , fo u r  spcc ic 'P ly  dc. i j n e d  
p l a s t i c  fa n -sh a p e d  d e v ic e s  have been used  f o r  
measuj'ement of th e  t l i r e e  m u tu a l ly  p c r p o n d ic u la r  
d ia m e te rs  of each tum our. Each m easuring  d ev ic e  
c o n s i s t s  of f i v e  r e c t a n g u l a r  p l a s t i c  p ie c e s  o f  two 
m i l l im e te r  tl.'.i'^'rness and of  equal s i z e  J o in e d  at one 
end viith  s l i t s  of f i v e  d i f f e r e n t  w id th s  (1 -5  imu,
6-10 rnm, 11-15 mm, aud 16-20 mm) a t  th e  f r e e  ends 
( p l a t e  2 . 4 ) .  The tumour was r e t r a c t e d  and h e ld  g e n t ly  
between th e  in d e x  f i n g e r  and thumb w h ile  t h e  t a i . l  of 
t h e  mouse was h e ld  between th e  r e s t  o f  t h e  f i n g e r s  and 
th e  palm o f th e  l e f t  hand .  With t h e  a p p r o p r ia te  
m easuring  de'd.ce h e ld  i n  th e  r i g h t  hand, i n d i v i d u a l l y  
s e l e c t e d  s l i t s  were s l ip p e d  under  th e  tumour and 
r a i s e d  c a r e f u l l y  u n t i l  t h e  s m a l le s t  s l i t  was found 
th ro u g h  which th e  d ia m e te r  t o  be measured cou ld  p a s s .  
90° r o t a t i o n  o f  th e  tumour was e s s e n t i a l  f o r  
measurement o f  t h e  p e rp e n d ic u la r  d ia m e te r  t o  th e  body 
o f  th e  mouse ( p l a t e  2 . 5 ) .
These m easuring  d e v ic e s  en ab led  one o b s e rv e r  t o  l c- su re  
th e  tumour d ia m e te rs  t o  th e  n e a r e s t  m i l l i m e t e r  t t 'e  
s h o r t e s t  tim e p o s s i b l e  and w ith o u t  the  a n e s t h e s i a  vdiich 
h a s  been u sed  by some i n v e s t i g a t o r s .
The e f f e c t  of th e  s k in  th i c k n e s s ,  e n c lo s in g  th e  tumour, 
on volunie c a l c u l a t i o n s  h a s  been d i s c u s s e d  by some 
w orkers  (249 ,2 5 0 ) ,  s p e c i a l l y  f o r  tum ours of smal.l s i z e .  
An average 1 ,2 5  mL'o double  s k in  t h i c k n e s s  was found by 
p ro c e d u re s  s i m i l a r  t o  th o s e  of D e th le f s e n  e t  a l . ( 25OJ
71
P la te  2 .4 : M easuring dev ice ,
P la te  2 . 5: Tumour measurement.
f o r  non-tum our b e a r in g  male and fem ale l i v i n g  mice and 
f o r  s u b cn tcn c o u c ly  im p lan ted  m e t a l l i c  s p h e re s  of v a r io u s  
s i z e s  i n  k i l l e d  m ice . For a n a l y s i s  of th e  
r a d i o b i o l o g i c a l  r e s u l t s ,  v a r io u s  i n v e s t i g a t o r s  have 
' used  t h e  t h r e e  p e r p e n d ic u la r  d ia m e te r s ,  mean d ia m e te r ,  
lo n g e s t  d ia m e te r  or th e  a r e a  e n c lo s in g  th e  tumour t o  
o b ta in  th e  b e s t  c o r r e l a t i o n  w ith  th e  tumour volume or 
w eight i n  s i t u ,  on th e  assum ption  t h a t  t h e  tum ours were 
t y p i c a l  sp h e re s  or e l l i p s o i d s .
F o r  a n a l y s i s  of th e  r e s u l t s  i n  t h i s  work, th e  average 
double  s k in  t h i c k n e s s  was s u b : ' t r a c te d  from each 
a r i t h m e t i c  mean of t h e  t h r e e  measured p e r p e n d ic u la r  
d ia m e te r s .  T h is  was done i n  o rd e r  t o  miniiTîize i t s  
e f f e c t  on th e  groirth  cu rv e s  of t h e  u n i r r a d i a t e d  tum ours 
and th e  r e g r e s s i o n - r e g r oï-rbh cu rv es  of t h e  i r r a d i a t e d  
one So T h is  was im p o r ta n t  as sm all tum ours o f  6 — 1 mrn 
were used  f o r  th e  r a d i o b i o l o g i c a l  e x p e r im e n ts ,
2*9 H i s t o l o g i c a l  S tu d ie s  o f  th e  Tumour System;
The fo l lo w in g  groups of tum ours were s u b je c t e d  t o  
h i s t o l o g i c a l  exam ina t ion :
1 — U n i r r a d ia te d  tum ours o f  d i f f e r e n t  s i z e s :  2 t o  3 "w:
5 t o  6 mm and 9 t o  10 mm mean d ia m e te r ,
2 -  I r r a d i a t e d  tum ours d u r in g  th e  r e g r e s s i o n  p e r io d  a t
8 t o  10 days and 16 t o  l8  days f o l lo w in g  i r r a d i a t i o n  
w ith  s in g le  d oses  o f  50 , 60 and 80 Gy X—r a y s  a lone  
and 22 .5  end 40 Gy of X -rays  i n  com bina tion  w itii 
j-li s oni Q a.z o 1 e .
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',n ppp dosAs were chosen t o  produce re .  rcsrd.on of 
t h e  tum ours and v a r i a b l e  cure  p r o b a b i l i t i e s .  They 
would a l s o  f a c i l i t a t e  ex am in a t io n  o f  th e  tu i .ou r mass 
in  th e  p re s e n c e  of r e l a t i v e l y  few v i.ab le  c lo n o g cn ic  
■' ■. tum our '■ c e l l  s and i n  th e  absence o f  th e s e  c e l l s
f c u r e ) .  The t l in e s  f o r  h i s t o l o g y  were chosen t o  be 
n e a r  th e  end o f  t h e  slow r e g r e s s i o n  (9 t o  10 days)  
and th e  f a s t  r e g r e s s i o n  (16 t o  I 8 d ays)  p e r io d s
( f i g u r e  3 . 7 ) f o r  t h e  purpose  of f i n d i n g  out some of
th e  b i o l o g i c a l  p r o c e s s e s  beh ind  tumour r e g r e s s i o n .
3 R e c u r re n t  tu n  o u rs  o f  3 t o  6 mm and 9 t o  10 rrm 
d ia m e te r  f o l lo w in g  s i n g l e  d o ses  o f  30 and 60 Gy of 
X -rays  a lo n e ,
4 — T ra n s p la n te d  tum ours  i n  cu red  s i t e s  o f  3 t o  6 mm
and 9 t o  10 rnm mean d ia m e te r .
The an im als  were s a c r i f i c e d  and th e  tum ours w ith  th e
o v e r ly in g  s k in  were im m e d ia te ly  e x c i s e d  and f i x e d  i n
10^5 b u f f e r e d  f o r m a l in .  B efore  f i x a t i o n ,  th e  tu n o u rs  
wore n o t  b i s e c t e d  b u t  th e  s k in  was trimri;ed around th e  
tu n o u r s  t o  a l lo w  e a s y  a c c e s s  o f  t h e  f i x a t i v e ,  Tîie 
t i  s su e s  were embedded i n  p a r a f f i n  wax and s e c t i o n s  5 
m icron t h i c k  were cu t t l i rcu g h  th e  m iddle and th e  
p e r ip h e r y  o f  th e  tumour's and s t a i n e d  w ith  hemal o x y lin  
and e o s in .  The p re se n c e  of e r y th r o c y te s  w i th in  lumen 
a s s i s t e d  v.dth t h e  r e c o g n i t i o n  of th e  c a p i l l a r i e s  and an 
cyc-’p ie c e  r e t i c l e  was used  t o  measure seme of th e  tumour 
s t r u c t u r e s .
The f r a c t i o n s  o f  tu i iou r  a r e a s  occupied  l y  n e c r o s i s  and
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a p p a r e n t ly  v i a b l e  tumour c e l l s  v;ore d e te rm in e d  n s in g  a 
g r a t i c u l e  c o n t a in in g  300 eq u a l  s iz e d  sq u a re s  i n  one 
eye—p ie c e  of t h e  m icroscope and c o u n t in g  t h e  ‘number of 
sq u a re s  o f  b o th  v i a b l e  and n e c r o t i c  t i s s u e s .  O everal 
s e c t i o n s  a t  t h e  m iddle  o f  th e  tum ours ( u n i r r a c i a t c d ,  
r e c u i r o n t  rnd t r a n s p l a n t e d  i n  ciu'cd s i t e s )  were chosen 
and seal rued m e th o d ic a l ly  under a  x  2 o b j e c t iv e  ( t o t a l  
m a g n i f i c a t io n  x 8 o ) . T h is  method gave u s e f u l ,  though 
crude , in fo r m a t io n  about th e  p ro p o r t i o n  o f  bo th  v i a b l e  
and n e c r o t i c  t i s s u e s  i n  th e  tum ours .
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CHAPTER I I I
RESULTS
3 .1  Growth C h a r a c te r is t ic s  of th e  Tuunour System:
C are fu l tumour o b se rv a tio n s  were made from th e  t h i r d  day 
of th e  t r a n s p la n t  by d a i ly  in s p e c tio n  and p a lp a t io n  of 
th e  in je c te d  s i t e s  f o r  5 to  6 days every  week. The 
e a r l i e s t  d e te c ta b le  tum ours were about one m ill im e te r  in  
d iam eter and th e  v a s t m a jo rity  o f them grew to  la rg e  
s ize s*  Problem s s im ila r  to  th o se  re p o r te d  i n  th e  
l i t e r a t u r e ,  u s in g  a tumour c e l l  suspension  f o r  
t r a n s p la n ta t io n ,  have been encountered  a lso  in  t h i s  
tumour system : u lc e r a t io n  o f th e  sk in  w ith  derm al r a th e r  
th a n  subcutaneous in je c t io n s ,  deep and f ix e d  tum ours 
w ith  deeper in je c t io n s  th a n  th e  subcutaneous le v e l  and 
a d jacen t or amalgamated tumours along th e  n eed le  t r a c k .  
Furtherm ore, th e  tum ours ob ta ined  were no t always a t th e  
m id line  o f th e  back of th e  mice due to  th e  use  of manual 
r e s t r a i n t ,  o f mouse movements r a th e r  th a n  a n a e s th e s ia .  
However, w ith  c a re fu l t r a n s p la n ta t io n ,  th e  m a jo r ity  o f 
tum ours were s in g le ,  f r e e ly  m obile and e i t h e r  s p h e r ic a l  
in  shape or one m illim e te r  lo n g er i n  one or two d iam eters  
In  a  few in s ta n c e s , th e  d e te c ta b le  m asses were f irm e r  in  
c o n s is te n c y  and d id  no t grow p ro g re s s iv e ly . These 
nodu les were r e je c te d  from th e  p re sen t s tu d ie s ,  a lthough  
t h e i r  n e o p la s t ic  n a tu re  was confirm ed m ic ro sc o p ic a lly  
( s e c t io n  3 .1 2 .2 ) .
3 .1 .1  Tumour Take R ate;
D uring th e  e a r ly  p a r t  of t h i s  work (1975 a^d 197&), th e  
tumour ta k e  r a t e  was sh o rt of 100 p e r c e n t . From a
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t o t a l  of 654 mice used f o r  37 t r a n s p la n t s ,  38 mice d id  
n o t develop tum ours, i . e .  a  tumour ta k e  r a t e  o f 9I  p e r 
c e n t .  T h is was a lso  a s so c ia te d  w ith  about 10 to  I 5 per 
cent unusable tum ours ( f ix e d  and d o u b le ) . These 
f a i l u r e s  could be t r a c e d  to  te c h n ic a l  d i f f i c u l t i e s .
S ince th e n , however, th e  tumour ta k e  r a t e  has reached  
100 p e r c en t, w ith  few er unusab le  tum ours, due t o  more 
ex p erience  in  th e  t r a n s p la n ta t io n  te c h n iq u e .
3 . 1 .2  The L a ten t P e rio d :
The minimal la te n t period was 5 days and th e maximum was 
28 days (f ig u re  3 . l ) .  S t a t i s t ic a l  a n a ly s is  o f the la te n t  
period d is tr ib u tio n  showed a mean la ten cy  of 9*3 — 3.48 
days (ta b le  3 . 10) ,  where th e  errors quoted are p lus or 
minus one standard d ev ia tio n . I t  can be seen in  fig u re
3 . 2, which, shows th e cumulative in cid en ce o f d etectab le  
tumours, th at 50 per cent of th e tumours developed by 
7 .5  days fo llo w in g  tra n sp la n ta tio n .
3 . 1 .3  The Average P a t te r n  and R ate of Tumour Growth:
Tumour dim ensions were reco rd ed  w ith  tim e from th e  day 
th e  tum ours became p a lp ab le  u n t i l  th e  tumour d iam eters  
approached between 13 and I 5 mm, when th e  anim al was 
s a c r i f i c e d .  The average growth curve o f th e  tumour i s  
shown in  f ig u re  3 .3 , where th e  mean d iam e te r i s  p lo t te d  
a g a in s t th e  tim e on a l i n e a r —l in e a r  s c a l e . Zero tim e i s  
used fo r  th e  re fe re n c e  s iz e  0 .75  to  1 .75  mm (2 to  3 mm 
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Figure 3 . 3: Growth curve of routine tr a n sp la n ts .
Errors are — 1 s .e .m .
The mean diameter does not inclu de  
sk in  th ick n ess (1.25 mm).
curve was ob ta ined  by moving th e  growth curves of 
in d iv id u a l tumours to g e th e r  in  tim e so t h a t  th ey  
co in c id e  a t th e  re fe re n c e  s i z e .  T h is  s iz e  was chosen 
s in ce  a l l  th e  tum ours grew p ro g re s s iv e ly  on reach in g  
th a t  s i z e .
The tumour pattern  and ra te  of growth were checked on 
severa l occasions and were found to  be constant a l l  
through the present work. Furthermore, th ere was no 
s ig n if ic a n t d ifferen ce  in  th e la te n t  period and growth 
rate  of tumour tra n sp la n ts  between mice of 8 to  12 
weeks and older mice of I9 to  21 weeks. Therefore, the 
average growth curve in  fig u re  3.3  was used as a common 
contro l th rou ^ ou t t h is  work.
Mathematical a n a ly s is  of t h is  growth curve showed that 
the tumour growth above 1 to  2 mm mean diameter could be 
w ell described by a Gompertzian equation (se c tio n  1 . 2) 
of the fo llo w in g  parameters:
E xponentia l growth param eter (°() = I .64
R e ta rd a tio n  growth param eter (y&) = 0.225
Table ( 3 . l )  shows th e  c a lc u la te d  d o u b lin g  tim es a t 
v a rio u s  tumour s i z e s .  T h is  d a ta  i s  a lso  used fo r  th e  
c o n s tru c tio n  of f ig u re  3 .4  where th e  volume doub ling  
tim es of th e  tumour a re  p lo t te d  a g a in s t th e  mean 
d ia m e te rs . The growth r a t e  of t h i s  m u ltip le  g en e ra tio n  
C^H mammary tumour d ecreased  co n tin u o u s ly  w ith  in c re a se  
i n  tumour s iz e .  At th e  s iz e  chosen fo r  i r r a d i a t i o n
6 -  1 mm ( in c lu d in g  th e  sk in  th ic k n e s s ) ,  th e  tumour
grew a t a f a s t  r a t e  w ith  about a  one day volume doub ling
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T able  3 .1  The in s ta n ta n e o u s  d o u b lin g  tim e f o r  th e  tumour a t 
v a r io u s  s iz e s .
Mean diam eter (mm) 
(w ithout sk in  th ick n ess)
C alculated doubling tim es 
(days)
1 0 .42
2 0 .5 0
3 0 .6 6
4 0 .81
5 0 .98
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Figure 3 *4 î Volume doubling time of m ultip le  
generation  C^ H mammary tumour.
The mean diam eter does not include  
skin  th ick n ess  ( 1.25  mm).
t im e .
I t  was a lso  p o s s ib le  to  f i t  a  s t r a ig h t  l i n e  to  th e  mean 
d iam eters  f o r  each in d iv id u a l  tum our by means of th e  
l e a s t  squares method (see  appendix I I )  • The mean of 
th e  s lo p es  of th e se  l in e s  was th e n  c a lc u la te d  and was 
found to  be O.889 mm/day ( ta b le  3 .1 l ) .  T h is  method was 
used  to  compare th e  r a t e  of growth of u n tre a te d  tumours 
w ith  th a t  o f r e c u r re n t  tum ours; t r a n s p la n te d  tum ours in  
immunized mice and th o se  in  cured  and p re —ir r a d ia te d  
s i t e s  ( ta b le s  3 .11 , 3 .1 2 ) .
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3 .2  The Gross Response o f Tumours to  I r r a d i a t io n ;
F igure  3 .5  shows th e  g ro ss  response of th e  tum ours to  
v a rio u s  s in g le  doses of X—ra y s  alone o f 5 to  80 Gy.
The mean d iam ete r w ithou t th e  sk in  th ic k n e ss  i s  p lo t te d  
a g a in s t th e  p o s t i r r a d ia t io n  p e r io d . The symbol R 
in d ic a te s  th e  day of i r r a d i a t i o n  and th e  number of 
tum ours analyzed  in  each dose group a re  th o se  in  ta b le
3 .2 . The v a r ia t io n s  in  th e  g ross response  of in d iv id u a l  
tum ours to  each dose , in c re a se d  w ith  dose, bu t th e se  
v a r ia t io n s  were l e s s  obvious a t low doses up to  40 Gy 
and a lso  d u rin g  th e  re g re s s io n  p e rio d  w ith  h igh  doses of 
50 Gÿ or more. Hence, i t  was p o ss ib le  to  average th e  
g ro ss  resp o n se  o f th e  tum ours a t th e  low dose le v e l s  and 
d u rin g  th e  r e g re s s io n  p e r io d . No s ig n i f ic a n t  d if f e re n c e  
could be seen in  th e  growth of i r r a d ia t e d  tum ours from 
th a t  o f t]ie  c o n tro l  group f o r  about two d ay s. T h e re a f te r , 
c le a r  dependence o f th e  tumour growth on th e  dose became 
ev id en t w ith  t im e . There was a  p ro g re ss iv e  f l a t t e n in g  
of th e  e a r ly  p a r t s  o f th e  growth cu rves, which was more 
obvious as th e  dose in c re a se d  towards /\0 Gy, when th e  
e a r ly  p a r t  o f th e  growth curve fo llow ed  th a t  of h ig h e r 
doses o f 50 Gy o r more f o r  about tw elve days b e fo re  
reg ro w th . Tumour re g re s s io n  was only  ev id en t a f t e r  
s in g le  doses of 50 Gy or more w ith  a s im ila r  p a t te r n  of 
re g re s s io n  fo llo w in g  bo th  a  non—cur a t i  ve dose, such as 
50 Qy and a c u ra t iv e  dose, such as 80 Gy.
F igure  3 .8  shows th e  e f f e c t  of M isonidazole on th e  g ro ss  
response  of th e  tumour t o  i r r a d i a t i o n .  The number of
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F ig u re  3*5: The g ro ss  response  o f th e  tum ours t o
s in g le  doses of X—ra y s  alone# The 
cu rves p lo t te d  f o r  th e  mean o f a l l  
anim als in  each g roup .
The X -ray dose (Gray) i s  shown by each 
* curve and th e  e r r o r  b a rs  have been
om itted  f o r  c l a r i t y .
The mean d iam eter used , does n o t in c lu d e  























Figure 3 . 6: The gross response o f th e  tumours to
s in g le  doses o f X*rays in  combination  
w ith M isonidazole, The curves p lo tte d  
fo r  th e mean of a l l  animals in  each 
group. The X-ray dose (Gray) i s  
shown Toy each curve and th e  error bars 
have been om itted fo r  c la r i t y .
The mean diameter used, does not 








tumo'urs analyzed  i n  each dose group a re  th o se  in  ta b le  
3•4* The resp o n se  was s im ila r  to  th a t  of X—ra y s  a lone  
but w ith  low er dose l e v e l s ,  A s im ila r  p a t te r n  o f tumour 
re g re s s io n  could  a ls o  be seen w ith  doses o f 25 Gy and up 
t o  50 Gy.
3 -2 .1  The C h a r a c te r i s t ic  R ate and P a t te r n  o f Tumour R eg ress io n  
A fte r  I r r a d i a t i o n :
F ig u re  3-7 shows th e  average re g re s s io n  p a t te r n s  a f t e r  
s in g le  doses o f 60 or more o f X—ra y s  a lone  and w ith  
s in g le  do ses  of 25 Gy or more in  com bination w ith  
M iso n idazo le , The re g re s s io n  p a t te rn s  were p lo t te d  up t o  
n in e te e n  days a f t e r  i r r a d i a t i o n ,  only , due t o  some 
d i f f i c u l t y  in  a c c u ra te  measurement of th e  re g re s se d  
tum ours a t l a t e r  t im e s , due to  th e  r a d ia t io n  r e a c t io n s  
m entioned ,i n  s e c t io n  3*7*2*
The observed s im i l a r i t y  of bo th  re g re s s io n  p a t te r n s  
c h a ra c te r iz e d  th e  tumour response  d u rin g  re g re s s io n  a f t e r  
i r r a d i a t i o n .  The tum ours co n tinued  to  in c re a s e  i n  s iz e  
f o r  about two days, th e n  re tu rn e d  slow ly  to  th e  p re— 
i r r a d i a t e d  s iz e  about tw elve days a f t e r  i r r a d i a t i o n .
T h is was fo llo w ed  by a r e l a t i v e l y  f a s t e r  r e g re s s io n  
tow ards a  m inim al s iz e , in  about tw enty  days from th e  day 
of i r r a d i a t i o n .
80
MULTIPLE GENERATION C3H MAMMARY TUMOUR
M ean diam eter 
mm





2 5 G y — 5 0 G y +  MISONIDAZOLE 
( rO -0 7 -0 5 8 2 )  ■2-
6 0  G y  or m ore (X - r a y  only)
1-
Post irrad iation  period  in days
F ig u re  3 .7 : The re g re s s io n  p a t te r n  of th e  tumour
a f t e r  s in g le  doses o f X -rays a lo n e  and 
in  com bination w ith  M ison idazo le . The 
mean d iam e te r u sed , does n o t in c lu d e  
Bkin th ic k n e ss  ( I . 25) .  E rro r  b a rs  a re  
— 1 s .e .m .
3 .3  Tumour Local C on tro l A n a ly sis :
3 . 3 .1  C hoice o f  an A p p ro p r ia te  Time P e r io d  a s  an End P o in t ;
Mice w ith  l o c a l l y  c o n t r o l le d  tum ours w ere u s u a l ly  k e p t 
f o r  more th a n  6 t o  8 m onths a f t e r  i r r a d i a t i o n  and were 
checked w eek ly . From 5I  mice w ith  l o c a l l y  c o n t r o l le d  
tum ours a t  100 d ays a f t e r  s in g le  d o ses  o f  X—r a y s  a lo n e  
( t a b l e  3 . 2 ) ,  o n ly  two tum ours r e c u r r e d  more th a n  100 
days a f t e r  i r r a d i a t i o n .  One tum our r e c u r r e d  a t  120 days 
i n  th e  ?0  Gy g roup  and th e  o th e r  i n  th e  80 Gy g roup  
r e c u r r e d  a t  I 80 d a y s .
E ig h t m onths a f t e r  i r r a d i a t i o n ,  two m ice d ev e lo p ed  
sp o n tan eo u s  tum ours, n e a r  th e  neck  o u ts id e  th e  i r r a d i a t e d  
a r e a s  and f i v e  m ice d ie d  tw e lv e  t o  f i f t e e n  m onths a f t e r  
i r r a d i a t i o n  p resum ab ly  o f  o ld  age o r i n t e r c u r r e n t  
d i s e a s e .
T h e re fo re ,  a  100 day p e r io d  a f t e r  i r r a d i a t i o n  was chosen  
a s  th e  m ost a p p r o p r ia te  tim e  i n t e r v a l  f o r  th e  end p o in t  
o f th e  tum our c o n t ro l  e x p e r im e n ts . T h is  was m a in ly  
b ecau se  th e  tim e  d i s t r i b u t i o n  o f r e c u r r e n c e s  in d i c a te d  
t h a t  few  r e c u r r e n c e s  would be e x p e c te d  l a t e r  th a n  100 
d a y s . The c h o ic e  o f t h i s  p e r io d  a ls o  red u ce d  th e  space  
o ccu p ied  i n  th e  an im al house and th e  e x p e n se s . No 
" lo s s e s "  o f  e x p e r im e n ta l an im als  due t o  sp o n tan eo u s  
tum ours o r d e a th  from  o ld  age were in v o lv e d , t h e r e f o r e .
3 .3 .2  C r i t e r i a  f o r  " C o n tro lle d "  o r  " R e c u rre n t"  T um ours:
A ll tum ours w hich showed in c o m p le te  r e g r e s s io n ,  
e v e n tu a l ly  r e c u r r e d ,  i r r e s p e c t i v e  o f th e  d o s e . On th e
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o th e r  hand, tum ours th a t  showed com plete re g re s s io n ,  
e i t h e r  rem ained so a t  100 days a f t e r  i r r a d i a t i o n  or 
r e c u r re d .  The f a i l u r e  of adequate i r r a d i a t i o n  of th e  
sk in  m argin w ith  th e  n eed le  t r a c k  in  some tum ours le d  to  
a few m arg inal tum ours. These tum ours were d e te c ta b le  
as sm all nodu les a d jacen t to  th e  i r r a d i a t e d  tumour m asses. 
Thus, th e  c r i t e r i o n  f o r  a  d e f in i t e  lo c a l  re c u rre n c e  
n e c e s s i ta te d  regrow th  in  th e  c e n tre  of th e  i r r a d ia te d  
a re a s  and th e  ex c lu s io n  from th e  a n a ly s is  o f any tumour 
w ith  m arg inal grow th. Those tum ours which re g re s se d  
com ple te ly  and rem ained so a t 100 days a f t e r  i r r a d i a t i o n  
were co n sid ered  to  be lo c a l ly  c o n tro l le d  (c u re d ) .
3 . 3 .3  The R e s u lts  o f Local Tumour C on tro l E xperim ents:
For each dose group, th e  p ro p o rtio n  o f *cures*  observed 
100 days ^ a fte r tre a tm e n t was e s tim a te d  a s  th e  number o f 
* c u re s ' seen  i n  th e  t o t a l  sample o f mice a l iv e  a t th a t  
tim e  to g e th e r  w ith  th o se  th a t  have d ie d  o r were k i l l e d ,  
w ith  u n e q u iv o ca lly  u n c o n tro lle d  tum ours p re v io u s  to  
100 d ay s . 'C u red ' mice which d ied  b e fo re  100 days were 
excluded  from th e  a n a ly s is  and i t  was assumed th a t  th e  
e s tim a te d  va lue  of tumour 'c u r e '  was independen t o f th e  
d ea th  o f 'cu red*  anim als p r io r  t o  100 d ay s .
T ab les 3 .2 , 3 .3 , 3 .4  g ive th e  d e t a i l s  o f th e  r e s u l t s  o f 
th e  experim ents on th e  lo c a l  c o n tro l of th e  tum ours a t 
100 days f o r  s in g le  doses of X -rays a lone  (non—clamped 
and clamped tum ours) and X—ra y s  in  com bination  w ith  
M isonidazole fo r  undam ped tum ours.
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Table 3*2 Local con tro l data of non—clamped tumours trea ted
w ith s in g le  doses o f X-rays a lo n e .
Dose in  Gy
Local tumour con tro l at 100 days
male fem ale t o t a l
5 0/7 0 /4 0/11 ■ • (0) ■ '
10 o/6 0 /7 0 /1 3  (0 )
15 0 /4 0 /5 0 /9  (0)
20 0/9 0 /8 0 /17  (0)
30 o/io 0 /3 0 /1 3  (0)
40 0/15 0 /1 4 0 /29  (0)
50 0/10 0/10 0 /20  (0 )
Co .1 /10 1 /8 2/18 (11)
Ç? 2 /7 3 /8 5/15 (33)
70 12/16 4 /8 16 /24  (66)
75 3/4 9/7 9/11  (82)
80 9 /9 10/10 19/19 (100)
The numbers in  brackets denote p ercen tages.
Table 3 .3  Local control data o f clamped tumours trea ted  with
s in g le  doses of X-rays alone*
Dose in  Gy
Local tumour con tro l at 100 days
male female t o t a l
5 0/l2 0/13 0 /25  (0)
10 0/l3 0/13 0/26 (0)
15 o/io 0/13 0/23  (0 )
20 0/15 0/12 0/27 (0)
25 0/10 0 /5 0/15  (0)
30 0/15 0/16 0/31 (0)
35 0/10 0/10 0/20  (0 )
40 0 /8 0 /8 0/16  (0)
50 0 /8 0 /5 0/13  (0)
55 0/3 1/12 1/15  (6)
60 5/14 - 5 /14  (35)
65 9/17 — 9/17 ( 52)
70 8/12 - 8 /12  ( 66)
75 3 /3 7/10 10/13 (77) ,
The numbers in  brackets denote percentages.
Table 3 .4  Local co n tro l data  of non—clamped tumours trea ted  
with s in g le  doses of X-rays in  combination w ith  
M isonidazole.
Dose in  Gy
Local tumour control at 100 days
male female t o t a l
5 0 /9 0 /9 0 /1 8  (0 )
10 0 /6 0 /8 0 /1 4  (0 )
15 0 /8 0/12 0 /2 0  (0 )
20 0 /7 0 /8 0 /15  (0 )
25 1/10 0/7 t /1 7  (5 .8 )
27 .5 1/11 0 /5 1 /16  (6 .2 )
30 5/6 3/7 8 /1 3  (6 1 .5 )
35 10/15 11/13 21/28 (75)
37 .5 5 /5 9 /9 14 /14  (100)
40 6/6 6/6 12/12  (100)
45 9 /9 10/10 19/19 (100)
50 5 /5 8/8 13/13  (100)
The numbers in  brackets denote percentages.





X-rays + M isonidazole 31
Each, ta b le  shows th e  number o f tum ours a v a i la b le  f o r  
a n a ly s is  and th e  number of tum ours sco red  as L o ca lly  
C o n tro lle d  in  each dose group as a  p ro p o r tio n  of th e  
number analyzed (PC )•
These d a ta  were a lso  used to  o b ta in  f ig u r e  3 .8  where 
In  (—In  pc) was p lo t te d  a g a in s t  th e  r a d ia t io n  dose 
u s in g  th e  lo g ^ lo g  tra n s fo rm a tio n  a n a ly s is  d e sc rib e d  
in  appendix I .  The TCD^^s f o r  lo c a l  tum our c o n tro l a t  
100 days a re  shown in  ta b le  3* 5 .  The TCD^^ ob ta in ed  
under f u l l y  hypoxic c o n d itio n s  ( i . e .  clam ping) was 2 Gy 
l e s s  th a n  th o se  of non—clamped tum ours. T h is  d if f e re n c e  
was no t s t a t i s t i c a l l y  s ig n i f i c a n t ,  im p lic a t in g  th a t  
non—clamped tum ours had a  r e l a t i v e l y  h ig h  p ro p o r tio n  of 
hypoxic c e l l s  a t th e  tim e of i r r a d i a t i o n .
The TCD^q o f non—clamped tum ours was reduced  from 67 Gy 
to  31 Gy,with M ison idazo le . The r a t i o  o f th e s e  TOD^qS 
was 2 . 15, in d ic a t in g  a  h ig h  degree o f r a d io s e n s i t i z a t io n  
by M isonidazole o f th e  tum our re sp o n se  t o  s in g le  doses 
o f X -ray s . However, th e  r a t i o  f e l l  below th e  expected  
maximum range of 2 .5  t o  3 f o r  th e  oxygen enhancement 
r a t i o  (OER) . T h is  in d ic a te d  th a t  on ly  a  p a r t i a l  though 
s u b s ta n t ia l  improvement was o b ta in ed  w ith  s in g le  dose 
tre a tm e n t in  com bination w ith  M iso n id azo le . The 
p ro p o r tio n  o f male and fem ale  mice v a r ie d  from one 
tre a tm e n t group to  an o th er ( ta b le s  3 . 2 ;  3 . 3  and 3 . 4 ) .  
Hence, i t  was e s s e n t ia l  to  f in d  out i f  th e  lo c a l  c o n tro l 
of th e  tum ours was in f lu e n c e d  by sex  d i s t r i b u t io n  as 
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Figure 3 . 8 : A nalysis o f  lo c a l  con tro l o f tumours
at 100 days w ith s in g le  ra d ia tio n  
doses u sin g  lo g - lo g  tr a n sfe r  mat ion  
method.
o Undamped tumours 
A Clamped tumours 
• In combination with Midonidazole 
— — — Level of TCU50
PC i s  th e p r o b a b ility  of tumour 
con tro l
2
C^H mammary carcinom a. S t a t i s t i c a l  a n a ly s is ,  u s in g  X
t e s t  w ith  Y ates c o r re c t io n  was perform ed and showed no
s ig n i f ic a n t  d if f e re n c e  i n  any o f th e  groups ( p > 0 . l ) .
The tum ours were i r r a d i a t e d  w ith in  a  narrow  range of
s iz e s  (6 i  1 mm mean d ia m e te r ) . The volume
co rrespond ing  to  7 mm i s  2 ,7  tim es g r e a te r  th a n  th a t
a t 5 mm. T h is  d if f e re n c e  in  volume may a l t e r  th e
c u r a b i l i t y  of th e  tum ours. However, s t a t i s t i c a l
2
a n a ly s is  of a l l  th e  cure  d a ta , u s in g  X t e s t  w ith  Y ates 
c o r re c t io n  showed no s ig n i f ic a n t  d if f e r e n c e  ( p > 0 .05) 
in  th e  p ro b a b i l i ty  o f lo c a l  c o n tro l of tum ours fo r  s iz e s  
l e s s  th a n  6 mm and t h a t . f o r  s iz e s  more th a n  6 mm.
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3 .4  The Growth of R ecu rren t Tumours:
Many re c u r re n t  tum ours grew v e ry  slow ly  w ith  p e r io d s  of 
no growth o r even tem porary  re g re s s io n , u n t i l  th e  s iz e  
a t  which th e  tum ours were i r r a d i a t e d  (6 i  1 mm mean 
d ia m e te r ) . A f i n a l ,  r e l a t i v e l y  f a s t e r  and more 
p re d ic ta b le  phase of growth th e n  fo llo w ed .
W ith in  each dose le v e l ,  th e  main d i f f e r e n c e s  between 
th e  growth of in d iv id u a l  tum ours were in  th e  in t e r v a l  
between th e  end of re g re s s io n  (com plete or inco m p le te ) 
and th e  f i n a l  phase o f grow th. Hence, i t  was only  
p o s s ib le  to  average t h i s  f i n a l  phase w ith in  each d o se . 
T h is  was ach ieved  by moving th e  cu rves f o r  in d iv id u a l  
tum ours to g e th e r  in  tim e a t th e  s iz e  o f 6 — 1 mm mean 
d iam eter ( f ig u re  3-9) •
S t a t i s t i c a l  a n a ly s is  o f th e  r a t e  o f growth d u rin g  t h i s  
f i n a l  phase ( ta b le  3 .12 ) h as su ggested  th a t  th e  r a t e  of 
growth would n o t d i f f e r  s ig n i f i c a n t ly  from  th a t  o f 
u n ir r a d ia te d  tum ours w ith  s in g le  doses of 50 Qy o r l e s s .  
On th e  o th e r  hand, th e  r a t e  of growth o f r e c u r r e n t  
tum ours was s ig n i f i c a n t ly  slow er w ith  h ig h e r  s in g le  
doses th a n  th a t  of u n ir r a d ia te d  tum ours ( p < 0 , 0 l ) .
The d e la y  in  tim e th a t  each in d iv id u a l  r e c u r r e n t  tumour 
to o k  to  regrow to  a  mean d iam eter of 10 mm was determ ined , 
The mean d e lay  was th e n  c a lc u la te d  f o r  each  group 
t r e a te d  w ith  s in g le  doses o f X—ra y s  a lone  (undam ped and 
clamped tum ours) and X—ra y s  in  com bination w ith  
M isonidazole as shown in  ta b le  3 .6 , These d a ta  a re  used  
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Table 3*6 Time taken fo r  th e  tumours to  grow to  10 mm a fte r  
s in g le  doses o f X -rays.
Dose
Mean time of delay in growth in days
Non—clamped 
tumours , Clamped tumours
X-rays + 
Misonidazole
0 5.4 -  0.17 (20) 5 i  0.20 (12) 5.2 i  0.4 (10)
5 7 -  0.50 (11) 6.4 -  0.25 (25) 5.7 -  0.31 (18)
10 7.9 i  0.50 (12) 7.1 -  0.20 (26) 9.14 -  0.56 (14)
15 13.3 -  1.30 (9) 8 i  0.70 (23) 11.3 -  0,02 (20)
20 17.1 i  0.80 (17) 7.7 -  0.40 (27) 32 t  3,90 (15)
25 - 10 i  0.70 (15) 37.6 -  3.80 (16)
27 - - 35.2 -  3.23 (15)
30 23.1 -  1.95 (13) 14 -  1.20 (31) 66.5 i  7.4 (4)
35 - 17 -  1.0 (20) 61 i  7.0 (6)
40 25.6 i  1.65 (29) 24.1 -  1.57 (16) -
350 38.5 -  ’2.97 (18) 35.5 -  2.3 (13) -
55 — 42.2 1  4.4 (14) -
60 66.5 i  3.8 (16) 53 i  2.5 (9) —
65 78.5 -  5.3 (9) 67.4 i  5 (8) -
70 87.4 -1 2 .4  (7) 90.3 -  3.5 (3) -
75 - 70 i  6 (3) -
The number o f tumours analyzed are shown in  b ra ck ets.
Errors are — 1 s .e .m .
3.10 where th e  mean d e la y  in  growth i s  p lo t te d  as a 
fu n c tio n  o f X -ray d o se .
The curve f o r  undam ped tum ours i r r a d i a t e d  in  th e  
absence of M isonidazole  h as  a h ip h a s ic  shape, w ith  a 
break  p o in t a t  about 15 Gy. From t h i s  p o in t th e  curve 
approaches th e  smooth curve f o r  clamped tum ours; both  
curves become in d is t in g u is h a b le  from each o th e r a f t e r  
s in g le  doses of 40 Gy o r more. The b ip h a s ic  p a t te r n  o f 
th e  curve f o r  undam ped tum ours i s  su g g es tiv e  o f th e  
p resence  of a  s ig n i f ic a n t  p ro p o r tio n  of hypoxic c e l l s  in  
th e  tum ours which dom inate th e  response  a f t e r  th e  b reak  
p o in t .
The degree o f r a d io s e n s i t i z a t io n  ach ieved  w ith  
M isonidazole i s  ex p ressed  as th e  enhancement r a t i o  (ER) 
which i s  th e  r a t i o  o f X—ra y  doses needed in  th e  p resence  
and absence of th e  d ru g  to  produce th e  same b io lo g ic a l  
e f f e c t  on th e  tum our. T h is  r a t i o  can be read  o f f  
h o r iz o n ta l ly  a t any le v e l  o f e f f e c t  in  f ig u re  3 .1 0 .
I t  can be seen th a t  th e  ER in c re a s e s  a f t e r  th e  break  
p o in t on th e  curve f o r  undam ped tumours to  a  maximum of 
about 2, i . e .  th e  same le v e l  as f o r  th e  dam ped tum ours. 
F igure  3.11 shows th e  r e s u l t s  o f a l l  re c u r re n t  tumours 
a f t e r  s in g le  do ses  o f 50, 60, 65 and 70 Gy o f X—ra y s  
a lo n e . The d e la y  in  growth t o  reach  10 mm mean d iam eter 
i s  p lo t te d  a g a in s t th e  s iz e  a t  i r r a d i a t i o n .  W ithin each 
dose le v e l ,  th e re  i s  no c o r r e la t io n  between th e  s iz e  a t 
i r r a d i a t i o n  and e i t h e r  th e  s t a t e  of re g re s s io n  or th e  
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Figure 3 .10: Dose response curves fo r  recurrent
tumours.
•  X-rays alone a  Clamped tumours 
O X-rays and M lsonidazole 
Error ta r s  are i  1 s .e .m .
F ig u re  3 .11 : D elay in  groifkh of r e c u r r e n t  tum ours
as a  fu n c tio n  o f tumour s iz e  a t  
i r r a d i a t i o n .
Tumour s iz e  "between 5 and ^  mm mean 
d iam e te r) h a s  no e f f e c t  on th e  
r e g re s s io n  s t a t e  nor th e  d e la y  in  
grow th .
O = com plete r e g re s s io n  
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le v e l ,  in  e f f e c t in g  growth d e la y  can he seen .
S ix  out o f te n  mice in je c te d  w ith  a  c e l l  su spension  from 
re c u r re n t  tum ours ( s e c t io n  2 .4*4) developed tum ours.
T his tumour ta k e  appeared  to  he l e s s  th a n  100 p e r cent 
ta k e  observed fo r  ro u tin e  t r a n s p l a n t s .  However, t h i s  
could he due to  th e  te c h n ic a l  d i f f i c u l t i e s  m entioned in  
s e c t io n  2 .4 .4»  The tum ours o b ta in ed  were d e te c ta b le  a t 
l a t e n t  p e rio d s  (7*8; 8*10; 11 and 11 days a f t e r  
t r a n s p la n ta t io n )  which were w ith in  th e  range of th a t  of 
th e  ro u tin e  t r a n s p la n t s .  F u rtherm ore , th e se  tumours 
grew a t a  r a t e  s im ila r  t o  t h a t  o f ro u t in e  t r a n s p la n t s .  
T his can he seen in  f ig u r e  3 .12  where th e  d a i ly  
measurements of th e  s ix  tum ours a re  d i s t r ib u te d  a long  
th e  growth curve o f ro u tin e  t r a n s p la n t s .
These f in d in g s  suggest t h a t  th e  slow r a t e  o f growth of 
re c u r re n t  tum ours m entioned above i s  due t o  a  tumour 
bed e f f e c t  r a th e r  th a n  an i n t r i n s i c  d e fe c t i n  th e  tumour 
c e l l s .  However, a  slow r a t e  of c e l l  d iv is io n  as  a 
consequence of im pairm ent o f th e  oxygenation  s ta tu s ,  due 
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F ig u re  3 ,1 2 : Tumour growth u s in g  10 c e l l s  from
re c u r re n t  tum ours a f t e r  50 G^y 
(o , • ,  A , ■ ) and 60 (□, v ) ,
"  — — c o n tro l .
The mean d iam eter does not in c lu d e  
sk in  th ic k n e s s  (1 .2 5  mm)*
3*5 The R e su lts  of S p l i t  Dose E xperim ents:
A s e r ie s  o f experim en ts in  which a  70 Gy t o t a l  dose of 
X—ra y s , g iven  as  two f r a c t io n s ,  were c a r r ie d  out w ith  
v a r io u s  tim e i n t e r v a l s  "between th e  two f r a c t i o n s .  The 
experim en tal c o n d itio n s  in c lu d in g  th e  tim e o f day f o r  
th e  i n i t i a l  dose were s im ila r  in  a l l  th e  exp erim en ts .
Both th e  lo c a l  c o n tro l p r o b a b i l i ty  o f tum ours a t 100 
days and th e  d e lay  in  grow th t o  re a ch  10 mm mean d iam eter 
were reco rded  f o r  each t r e a tm e n t .  The e q u iv a le n t s in g le  
doses re q u ire d  to  produce th e  same le v e l s  o f tumour 
response  in  th e  range a t ta in e d  by a l l  tre a tm e n ts  can 
th e n  be re a d  from f ig u r e  3 .8  f o r  th e  lo c a l  c o n tro l 
p r o b a b i l i ty  and from f ig u r e  3 .10  f o r  th e  d e la y  in  growth, 
fo llo w in g  s in g le  doses of X—ra y s  a lo n e .
The d if fe re n c e  between 70 Gy and th e  e q u iv a le n t s in g le  
doses ( i , e ,  Dg and D  ^ r e s p e c t iv e ly )  i s  a  measure of th e  
t o t a l  reco v ery  o c c u rr in g  i n  th e  i r r a d i a t e d  tum ours d u rin g  
th e  in t e r v a l  between th e  two f r a c t i o n s .  T h is  i s  assuming 
th a t  th e  s u rv iv a l p a ram ete rs  f o r  th e  two f r a c t io n  
experim ents a re  th e  same a s  t h a t  f o r  s in g le  dose 
ex p erim en ts. The D^—D-|^  v a lu e s  from th e se  s e r ie s  of 
experim ents as w e ll as th e  s iz e  of i n i t i a l  doses and th e  
in te r v a l s  between th e  two f r a c t io n s  a re  s e t  out in  t a b le  
3 ,7  fo r  th e  cure d a ta  and in  t a b le  3 .8  f o r  th e  d e lay  in  
growth d a ta .  These d a ta  a re  a ls o  used  to  c o n s tru c t 
f ig u r e s  (3 .1 3 , 3 . 14) where Dg—D  ^ v a lu e s  a re  p lo t te d  
a g a in s t th e  i n t e r v a l s  between th e  two f r a c t io n s  over th e  
p e r io d  of 0 to  72 ho u rs  f o r  th e  i n i t i a l  doses of 20, 35
88
Table 3*7 S p l i t  dose experim en ts (d a ta  of lo c a l  tum our 
c o n t r o l ) .
I n te r v a l s  (h r s )  Local c o n tro l E q u iv a len t s in g le  (D.—D_)
dose (D^)
Gy Gy
I n i t i a l  dose o f 20 Gÿ
3 2 /10  (20) 61.50  8 .5 0
12 3/15 (20) 61 .50  8 .50
24 2/12 (16) 61 .00  9 .00
48 4 /1 4  (28) 63 .00  7-00
72 2 /9  ( 22) 62 .00  8.00
I n i t i a l  dose o f 35 Gy
3 4/21 (19) 61 .30  8 .7 0
12 0 /16  (0) * »
24 2/11 (18) 61.25  8 .7 5
48 2 /I8  (11) 60.00  10.00
72 3 /13  (23) 62 .30  7 .7 0
I n i t i a l  dose o f  50 Gy
3 3 /13  ( 23) 62 .30  7-70
12 3/12  (25) 62 .50  7 .5 0
24 2 /9  (22) 62 .00  8 .00
48 3/15  (20) 61.50  8 .5 0
72 2/12 (16) 61 .00  9 .00
M isonidazo le  experim ent
3 7 /10  (70) 33.75 6 .2 5
The numbers i n  b ra c k e ts  deno te  p e rcen tag es, 
* i s  in d e te rm in a te .
Table 3*8 S p l i t  dose experim en ts  (d a ta  o f d e lay  in  growth t o  




7 .5 0  
7 .0 0
12.50
I n i t i a l  dose o f 35 Gy
3 66 .7  i  3 .6  ( 14) 60.00 10.00
12 66 .7  t  2 .9  ( 13) 60.00 10.00
24 7 2 .3  -  4 .6  ( 10) 62.00 8 .00
48 81 i  5 .2  ( 12) 66.00 4-00
72 65 -  6 .4  ( 9 ) 59.50 10.50
In te rv a l Mean tim e o f d e lay  
i n  growth 
days
E qu ivalen t
dose
Gy
I n i t i a l  dose o f 20 (%r
3 62 i  5 .0  (8 ) 58.00
12 63 .7  -  2 .7  ( 11) 58.50
24 7 5 .6  i  4 .9  ( 10) 62.50
48 74 -  3 .1  (8 ) 63.00
72 60 i  0 .4 4  ( 5) 57.50
I n i t i a l  dose o f 50 Gy
3 64 i  4 .6 (10) 58.50 11.50
12 59 -  4 .7 (9) 57.00 13.00
24 7 0 .5  i  8 .5 (6) 61.00 8 .5 0
48 73 "  7 .5 (7) 62.50 7 .5 0
72 51 i  5-9 (8 ) 54.50 15-50
M isonidazole experim ent
3 62 .6  i  3 .5 (3) 32.00 8 .00
E rro rs  a re  — 1 s .e .m . The number o f tum ours analyzed  a re  
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F ig u re  3.13s
I n te r v a l  (h r )
S p l i t  dose e^qperiments u s in g  th e  d e la y  







I n te r v a l  (h r )
F igure  3.14s S p l i t  dose experim en ts  u s in g  th e  cure 
d a ta .  Dashed ! 
in d e te rm in a te •
l i n e  means D^D^^ i s
and 50 Gy-
The f lu c tu a t io n s  i n  th e  v a lu e s  of f o r  cured
tum ours ( ta b le  3-7 and f ig u r e  3 *14) a re  c le a r ly  not 
g r e a te r  th a n  would be ex p ec ted  from th e  exp erim en ta l 
e r r o r s  excep t f o r  t re a tm e n t w ith  35 Gy i n i t i a l  dose a t  
12 hours i n t e r v a l -  However, in  t h i s  case , w ith  no c u re s , 
i s  in d e te rm in a te -  On th e  o th e r  hand, th e  th re e  
curves f o r  r e c u r re n t  tum ours i n  f ig u r e  3 .13  show 
s im i la r i ty  in  t h e i r  peaks a t  3, 12 and 72 ho u rs  and 
tro u g h s  a t 48 h o u rs  i n t e r v a l  and fo llo w  b ro ad ly  th e  
expected  E lk ind  p a t t e r n  o f two f r a c t io n  experim en ts- 
Both th e  lo c a l  c o n tro l  and th e  d e la y  i n  growth d a ta  a re  
in  agreement t h a t  re c o v e ry  occurs  r a p id ly  in  t h i s  tumour 
system  (a t  l e a s t  i n  3 h o u rs ) and a lso  th a t  v a lu e s
a re  always p o s i t iv e -  F urtherm ore , th e  v a lu es
o b ta in ed  from th e s e  experim en ts  seemed independent o f 
th e  m agnitude o f th e  i n i t i a l  dose- However, sm alle r 
v a lu es  a re  observed  a t  3 h o u rs  in te r v a l  f o r  cured tum ours, 
compared w ith  t h a t  f o r  r e c u r re n t  tum ours, 7-7 to  8-7 and 
10 t o  12 Gy r e s p e c t iv e ly -
In  s p l i t  dose experim ent a t  3 hours i n t e r v a l ,  u s in g  
0 ,67  mg/gra M ison idazo le  30 m inutes b e fo re  each f r a c t io n  
o f 20 ( ta b le s  3-7 and 3 .8 ) ,  th e  o b ta in ed  v a lu es  were 
6.25  Gy f o r  cu red  tum ours and 8 Gy f o r  r e c u r re n t  tu m o u rs- 
I t  can be seen  th a t  M ison idazo le  has reduced  v a lu e s
only  by a f a c to r  of 1 ,2  t o  1 .3 , and no t by th e  f a c to r  of 
2 observed w ith  s in g le  dose ex p erim en ts . T his lo s s  in  
e f f ic ie n c y  o f M ison idazo le  in  s p l i t  dose experim ents
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might he due to  th e  low er dosage of th e  drug  compared 
w ith  1 mg/gm used  w ith  s in g le  d o ses . The r e s u l t s  from 
M isonidazole a ls o  confirm  th e  f in d in g  of ra p id  re co v e ry  
in  t h i s  tumour and th e  sm a lle r  va lue  f o r  cured
tum ours.
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3.6  The R e la tio n s h ip  Between Complete R eg ression  and Local 
C on tro l P r o b a b i l i ty :
The in c id e n ce  of com plete re g re s s io n  and th e  lo c a l  
c o n tro l p r o b a b i l i ty  f o r  X—ra y s  a lone  a re  shown in  t a b le  
3 . 9 . I t  i s  c le a r  t h a t  th e  in c id en ce  of com plete 
re g re s s io n  i s  dose dependent • None o f th e  tum ours 
which were exposed t o  a  s in g le  dose o f 50 Gy or l e s s ,  
showed com plete r e g r e s s io n .  T h e re a f te r , th e  in c id en ce  
o f com plete r e g re s s io n  in c re a se d  w ith  dose, re a ch in g  
100 p e r cen t a t th e  100 p e r cen t c u ra tiv e  dose o f 80 Gy. 
Table 3.9  shows a lso  th e  in c id e n ce  of com plete re g re s s io n  
and th e  lo c a l  c o n tro l  p r o b a b i l i ty  f o r  X—ra y s , in  
com bination w ith  M iso n id azo le . Complete re g re s s io n  a ls o  
appears t o  be dose dependent, re a ch in g  100 p e r  cen t a t  a  
s in g le  dose o f 37*5 Gy.
The d a ta  from ta b l e  3*9 EU'e shown in  f ig u r e  3*15, where 
th e  lo c a l  c o n tro l p r o b a b i l i ty  i s  p lo t te d  as  a fu n c tio n  
of th e  in c id e n ce  o f com plete r e g re s s io n .  The p o in ts  fo r  
bo th  s in g le  do ses  o f X—ra y s  a lone  and in  com bination w ith  
M isonidazole seem t o  sh are  a  common curve, which i s  
s te e p e r  a f t e r  s in g le  do ses  th a t  produced more th a n  a  20 
p e r cen t cure r a t e  o r a  60 p e r cen t com plete r e g re s s io n .  
I t  i s  i n t e r e s t i n g  to  n o te  th a t  th e  d a ta  o b ta in ed  from 
s p l i t  dose ex p erim en ts  f o r  bo th  X—ra y s  a lone  and in  
com bination w ith  I'Hisonidazole as seen in  th e  same ta b le  
a lso  share  th e  same cu rv e .
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Table 3*9 Incidence of complete regression and local tumour 
control•
Single doses of X-rays alone
Dose ((%r) Complete reg ress io n C ontrolled  tumours
50 0 /20  (0) 0 /2 0  (0)
60 10/18  (55) 2 /18  (11)
65 11/15  (73) 5 /15  (33)
70 20/24 (83) 1 6 /2 4  (67)
75 10/11 (90) 9 /11  (82)
80 19/19  (100) 19/19  (100)
S in g le  doses of X-rays + M isonidazole
Dose (Gy) Complete reg ress io n C ontrolled  tumours
15 0 /20  (0 ) 0 /20  (0)
20 1 /15  ( 6 . 6) 0 /15  (0)
25 2/17 (11) 1/17 (5 .8 )
27 .5 4/16  (25) 1 /16  (6 .2 )
30 11/13 (8 4 .6 ) 8 /1 3  (6 1 .5 )
35 25/28 (89) 21/28 (75)
37 .5 14 /14  (100) 1 4 /1 4  (100)
S p lit  dose experim ents o f X-rays alone (cum ulative r e s u lt s
o f various in te r v a ls )
I n i t i a l  dose (Gy) Complete reg ress io n C ontrolled  tumours
20 28/60 (42) 13 /60  (21)
35 56/79 (70) 11 /79  (14)
50 38/61 (62) 13/61 (21)
S p lit  dose experim ents o f X—rays + Misonide (equal fr a c tio n s
o f  20 py each at 3 hr in te r v a l)
I n i t i a l  dose (Gy) Complete reg ress io n C ontrolled  tumours
20 10/10 (100) 7 /1 0  (70)
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F ig u re  3 .15 : The r e la t io n s h ip  betw een p r o b a b i l i ty  of 
tumour c o n tro l and com plete r e g re s s io n .
•  S in g le  doses o f X -ray a lone
O S in g le  dose o f X -rays i n  com bination
w ith  M isonidazole 
<#^)-^Two dose experim ents o f X -ray a lone  
20, 35 and 50 Gy i n i t i a l  dose 
^  Two dose experim ent o f X -ray  in  
com bination w ith  M isonidazole
3.7  The Skin  R eac tio n s  o f I r r a d ia te d  Tumours:
V isu a l o b se rv a tio n s  p rov ided  th e  most s e n s i t iv e  
e s tim a tio n  o f th e  sk in  r e a c t io n s  a f t e r  i r r a d i a t i o n ,  in  
com parison w ith  s e r i a l  co lo u r photographs and 
c o lo r im e tr ic  in s tru m e n ts  ( l8 0 ) .  A rbitJary s c a le s  f o r  
th e  observed  sk in  r e a c t io n s  have been adopted by s e v e ra l  
w orkers (180 ,251 ,252 ,253 ) and th e  average sk in  r e a c t io n  
was o b ta in ed  from th e  mean v a lu e s  of s e v e ra l  
o b se rv a tio n s  over a  chosen p e rio d  of t im e . H i l l  e t  a l .  
( 254) in  a  com parison of th e  resp o n ses  o f spontaneous 
mammary tum our and th e  r e a c t io n s  o f th e  sk in  over th e  
tumour a f t e r  i r r a d i a t i o n  w ith  e le c tro n s  and n e u tro n s , 
p o in te d  to  th e  d i f f i c u l t y  o f id e n t i f y in g  m eaningful 
e n d -p o in ts  f o r  tum our—norm al t i s s u e  com parison, and th e  
p o s s i b i l i t y  o f d is tu rb a n c e  o f sk in  v a sc u la tu re  o r blood 
flow  which m ight occur due to  th e  p resence  o f tum our. 
Fow ler e t  a l .  (255) found th a t  th e  slcin r e a c t io n s  over 
tum ours i n  C^H mice were d i f f i c u l t  to  measure and d id  
n o t v a ry  s i g n i f i c a n t ly  w ith  d ose . They p o in te d  out th a t  
no r e l i a b l e  c o n c lu s io n s  would be drawn from th e se  
observed sk in  r e a c t io n s .
In  th e  p re se n t tumour system , v is u a l  o b se rv a tio n s  and 
in s p e c tio n  o f th e  sk in  over and around th e  tum ours were 
made 3 to  5 days ev ery  week, along  w ith  measurement o f 
th e  tumour a f t e r  i r r a d i a t i o n .  A lth o u ^  no s c o r in g  
system  was used , th e  sk in  o b se rv a tio n s  were in  agreem ent 
w ith  th o se  o f o th e rs  ( 254, 255) , in  t h a t  th e  sk in  
r e a c t io n s  over th e  tum ours showed l i t t l e  o r no dependence
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on th e  d o se . These r e a c t io n s  were s im i la r  w ith in  th e  
dose ranges which le d  t o  tum our r e g re s s io n  ( s e c t io n  3 .2 ) ,  
i . e .  25 to  50 Cÿ in  th e  p resen ce  of M isonidazole  and 
50 t o  80 in  i t s  ab sen ce . W ith s m a lle r  X—ra y  doses, 
th e  d e lay  in  tumour growth was no t enough to  allow  
a cc u ra te  o b se rv a tio n s  o f th e  sk in  r e a c t io n s  b e fo re  
s a c r i f i c in g  th e  an im als . Hence, i t  was d i f f i c u l t  to  
determ ine i f  th e  r a d io s e n s i t i z in g  e f f e c t  of M isonidazole 
had c o n tr ib u te d  to  th e  sk in  r e a c t io n s  a s  re p o r te d  by 
Brown (2 0 2 ). T h is  m i ^ t  be th e  case  w ith  th e  n a tu ra l  
e x is te n c e  o f some hypoxic c e l l s  i n  th e  sk in  o f mice 
( 179, 204, 256) ;  th e  d is tu rb a n c e  of th e  norm al v a s c u la r i ty  
o f th e  sk in  due to  th e  p resence  o f th e  tum our ( s e c t io n  
3 . 11 . 2) an d /o r a  p o s s ib le  degree o f hypox ia  induced  by 
th e  i r r a d i a t i o n  p rocedure  ( s e c t io n  2.5*4)*
The fo llo w in g  sk in  r e a c t io n s ,  however, a re  w orthy of 
m ention;—
3 . 7 .1  A lopecia :
A lopecia  was n o tic e d  t o  s t a r t  8—11 days a f t e r  i r r a d i a t i o n  
a t th e  summit o f i r r a d i a t e d  tum ours; i t  th e n  g ra d u a lly  
sp read  in  a  few days tow ards th e  p e r ip h e ry  where th e  two 
sk in  la y e r s  met as th e y  passed  th ro u g h  th e  s l i t  o f th e  
i r r a d i a t i n g  j i g .  The tim e o f a lo p e c ia  marked th e  tim e 
of th e  s t a r t  o f tumour re g re s s io n  ( s e c t io n  3 .2 .1 ) .
3 . 7 .2  Erythema and Desquamation:
The e p i la te d  sk in  showed erythem a which g ra d u a lly  merged
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in to  a  s t a t e  o f m oist desquam ation . The peak r e a c t io n  
was n o tic e d  about 18 t o  22 days a f t e r  i r r a d i a t i o n .  T h is 
was th e  tim e  when th e  tumour reached  i t s  minimal volume 
a f t e r  i r r a d i a t i o n .  The desquamated sk in  g ra d u a lly  
s t a r t e d  t o  h e a l underneath  th e  d r ie d  scab  which f e l l  o f f  
in  sm all p ie c e s .  The h e a lin g  p ro cess  was u s u a l ly  
com pleted about 15 days a f t e r  th e  pealc r e a c t io n  i . e .  
about 35 days a f t e r  i r r a d i a t i o n .  The h e a le d  sk in  
appeared  more w h itish  th a n  normal sk in ; le a th e r y  and 
th ic k e n e d  w ith  apparen t lo s s  of e l a s t i c i t y .  These 
changes i n  th e  sk in  te x tu r e  have been r e p o r te d  by o th e r 
w orkers (2 5 3 ) . The desquamated sk in  caused  some 
d i f f i c u l t y  i n  measurement o f th e  re g re s s e d  tum ours and 
th e  th ic k e n ed  sk in  d u rin g  th e  h e a lin g  p ro c e ss  le d  to  
some d i f f i c u l t y  in  p a lp a t in g  fo r  th e  p re sen ce  or absence 
o f r e s id u a l  tum ours. However, many tum ours have been 
c o n tro l le d  a t 100 days d e s p ite  th e  th ic k e n e d  sk in , which 
m ight su ggest th a t  t h i s  th ic k e n in g  i s  n o t r e l a t e d  t o  th e  
p resen ce  of r e s id u a l  tum ours. As i n  th e  case  o f a lo p e c ia , 
th e  maximum degree o f sk in  r e a c t io n  was n o tic e d  a t  th e  
summit of th e  i r r a d i a t e d  tum ours and th e  scabby a re a s  a t 
th a t  re g io n  were l a s t  t o  f a l l ,  le a v in g  a  lo n g i tu d in a l  
mark s im ila r  to  a  h e a le d  s c a r .
3 .7 .3  Appearance o f Grey H a ir:
Grey h a i r  appeared a f t e r  about 30 t o  35 days a t th e  
p e r ip h e ry  of th e  e p i la te d  a re as  and g ra d u a lly  sp read  in  
a  l e s s  dense manner c e n t r a l ly ,  b u t i n  most c a se s .
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permanent a lo p e c ia  rem ained a t th e  c e n tre  o f th e  
e p i la te d  a re a s  ( p la te  3 .1 ) .
3 .7 .4  The Skin R eac tio n s  in  th e  Absence o f Tumours:
The sk in  r e a c t io n s  fo llo w in g  a  s in g le  dose of JO Gy o f 
X—ra y s  alone were e s s e n t i a l l y  s im ila r  to  th o se  in  th e  
presence  o f tum ours. The only  d if fe re n c e  was th e  
appearance o f a lo p e c ia  2 t o  3 days l a t e r  th a n  in  th e  
presence  o f tum ours.
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P la te  3 . 1: Gray h a ir  with permanent a lop ecia  at the 
centre o f the s i t e  o f previously  cured 
tumour.
3 .8  T ra n sp la n ta t io n  a t  S i t e s  o f P re v io u s ly  Cured Tumours :
10^ tumour c e l l s  in je c te d  a t  th e s e  s i t e s  produced 100 
p er cen t tumour ta k e  r a t e  and a l a t e n t  p e r io d  which was 
no t s ig n i f i c a n t ly  d i f f e r e n t  from th a t  o f ro u tin e  
t ra n s p la n te d  tum ours ( f ig u r e  3 .2 ) .  The mean la t e n t  
p e r io d s  were 9*3 — 3*5 and 8 .4  — 3 .1  days f o r  ro u tin e  
t r a n s p la n ts  and cu red  s i t e s ,  r e s p e c t iv e ly  ( ta b le  3 .1 0 ) .  
The absence o f a s ig n i f i c a n t  d if f e r e n c e  (p > 0 .0 $ )  between 
th e se  means would im ply th a t  no r e l a t i v e  r e s t r i c t i o n  of 
growth occurred  a t th e  cu red  s i t e s  d u rin g  th e  l a te n t  
p e r i  od.
The tum ours o b ta in ed  a t. th e s e  s i t e s  grew a t approx im ate ly  
h a l f  th e  r a t e  o f growth o f r o u t in e ly  t r a n s p la n te d  tum ours 
( ta b le  3.11 and f ig u r e  3*16). T h is was u n t i l  5-7 mm mean 
d iam ete r; th e  s iz e  a t which th e  p re v io u s ly  cured  tum ours 
were i r r a d i a t e d .  T h e re a f te r ,  many o f th e s e  tum ours 
showed a p e rio d  o f no o r r e l a t i v e l y  slow growth f o r  4 to  
6 days b e fo re  resum ption  o f growth a t  a  r a t e  which was 
no t s ig n i f i c a n t ly  d i f f e r e n t  (p%>0 . 05) from th a t  of 
r o u t in e ly  t r a n s p la n te d  tum ours ( ta b le  3 .1 2 ) .
There was no d if f e r e n c e  i n  th e  r a t e  and p a t te r n  of growth 
of t r a n s p la n te d  tum ours a t  th e  s i t e s  o f p rev io u s  tum ours, 
cured  w ith  s in g le  doses o f 60 Gy or more of X—ra y s  alone 
and w ith  s in g le  doses o f 25 Gy o r more o f X—ra y s  in  
com bination w ith  tîiso n id a z o le  ( t a b le  3 * l l ) .  T his would 
suggest th a t  th e  f a c to r s  a f f e c t in g  tumour growth a t th e se  
s i t e s  were s im ila r , i r r e s p e c t iv e  of th e  dose le v e l  o f 25 
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Days a f t e r  in o c u la t io n
ao 2432
F ig u re  3 .16; Growth o f m u ltip le  g e n e ra tio n  Ç^H mammary 
carcinom a.
# R o u tin e ly  t r a n s p la n te d  tum ours 
O T ra n s p la n ts  a t  s i t e s  of p re v io u s ly  cured  
tum ours
■ T ra n s p la n ts  a t  s i t e s  i r r a d i a t e d  w ith  70 Gy 
t The day o f in o c u la t io n  
The s t a r t  o f each curve in d ic a te s  th e  tim e a t  
which 5P^ o f th e  tum ours were d e te c ta b le .
The mean d iam e te r used , does n o t in c lu d e  sk in  
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In  a  com parative group o f mice w ith  cured  tum ours, 
t ra n s p la n te d  tum ours o u ts id e  th e  cured  s i t e s  grew a t a  
r a t e  which was not s ig n i f i c a n t ly  d i f f e r e n t  from th a t  of 
ro u t in e ly  t r a n s p la n te d  tum ours ( ta b le  3.11 and f ig u re  
3 . 17) .  T his in d ic a te d  th a t  th e  age and g en e ra l h e a lth  
of th e  mice had no e f f e c t  on tumour grow th.
3 .9  T ra n sp la n ta tio n  a t S i t e s  I r r a d i a t e d  w ith  a  S in g le  Dose 
of 70 Gyz
10^ tumour c e l l s  in je c te d  a t th e s e  s i t e s  produced 100 p e r 
cen t tumour ta k e  r a t e .  The mean l a t e n t  p e r io d s  were
9 .3  “  3 .5  and 1 4 .4  — 4 .6  days f o r  ro u tin e  t r a n s p la n ts  
and i r r a d ia te d  s i t e s ,  r e s p e c t iv e ly  ( ta b le  3 .1 0 ) . T his 
f iv e  day in c re a s e  i n  th e  mean l a t e n t  p e r io d  was 
s t a t i s t i c a l l y  s ig n i f ic a n t  (p^ilO.Ol) . I t  can be seen in  
f ig u re  3 .2  which shows th e  cummulative in c id en ce  of 
d e te c ta b le  tum ours, t h a t  $0 p e r cent o f th e  tumours 
developed by 13 days fo llo w in g  t r a n s p la n ta t io n .  T h is  was 
in  c o n tra s t  w ith  7*5 days f o r  ro u tin e  t r a n s p la n t s .  The 
r a t e  o f growth a t th e  i r r a d i a t e d  s i t e s  was s ig n if ic a n t ly , 
slow er th a n  th a t  of ro u t in e  t r a n s p la n t s ,  bo th  d u rin g  th e  
e a r ly  and l a t e  p e r io d s  o f growth ( ta b le s  3 .11 , 3 .1 2 ) . 
F urtherm ore, th e  p e r io d  o f no or slow growth observed a t 
th e  cured  s i t e s  when th e  tum ours reached  5—7 mm mean 
d iam eter was no t obvious a t  th e  i r r a d ia te d  s i t e s .  The 
d if f e r e n c e s  re v e a le d  in  t h i s  work between tumour growth 
a t  th e  s i t e s  of p re v io u s ly  cured  tum ours and th e  
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F igu re  3 .17: The growth cu rves o f th e  tumour in  
c o n tro l and cured  mice (o u ts id e  the  
cured s i t e ) .
•  = c o n tro l mice 
▲ = t r a n s p la n t  o u ts id e  th e  cured 
a re a
The mean d iam eter does no t in c lu d e  
sk in  th ic k n e s s  ( 1 .25  nim).
s tim u la te d  by p re v io u s  tum ours (cu red  s i t e s )  would 
support th e  growth o f a second tumour, more e f f i c i e n t l y  
th a n  p re—ir r a d ia te d  q u ie sc e n t normal t i s s u e s .
As m entioned in  s e c t io n  3*4, th e  slow and in c o n s is te n t  
growth o f r e c u r r e n t  tum ours h as le d  t o  d i f f i c u l t i e s  in  
a n a ly s is  o f th e  r a t e  o f growth d u rin g  th e  e a r ly  p e r io d . 
T h e re fo re , th e  tim e ta k e n  f o r  th e  tum ours to  grow from 
3 to  10 mm mean d iam e te r was used to  compare th e  r a t e  of 
growth a t th e  cured  and p re —ir r a d ia t e d  s i t e s  and th a t  of 
r e c u r re n t  tumour ( ta b le  3 .1 3 ) .  Only th o se  tum ours which 
re c u rre d  a f t e r  com plete r e g re s s io n  were used fo r  such 
a n a ly s is .  I t  appears  th a t  re c u r re n t  tum ours grew a t a  
much slow er r a t e ;  th e  tim e ta k e n  fo r  th e se  tum ours to  
grow from 3 to  10. mm was approx im ate ly  double t h a t  of 
t r a n s p la n te d  tum ours a t th e  cured and pre—ir r a d ia t e d  
s i t e s .  The absence o f th e  p e rio d  of no o r v e ry  slow 
growth a t th e  p re—ir r a d i a t e d  s i t e s ,  i s  an apparen t cause 
f o r  th e  s im i la r i ty  in  tim e s  a t th e  cured  and p re ­
i r r a d i a t e d  s i t e s ,  d e s p i te  th e  slow growth a t  th e  l a t t e r  
s i t e  d u rin g  th e  l a t e  p e r io d  o f grow th.
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Table 3 .13  Times f o r  tum ours t o  grow from 3 to  10 mm mean 
d ia m e te r .
Group 1Number of tum ours e v a lu a te d Time (days)
R outine t r a n s p la n ts 50 8 .7  i  0 .22
R ecu rren t tumours a f t e r  * 
s in g le  doses o f 60 Gy o r 
more (X -rays a lone) 19 2 8 .4  i  2 .2
R ecurren t tumours a f t e r  * 
s in g le  doses o f 25 Gy o r 
more (X—ra y s  + 
M isonidazole) 10 24.9 -  3 .1
T ran sp lan ted  tum ours a t 
cured  s i t e s  ( s in g le  doses 
o f 60 Gy or more) 33 14 .3  -  0 .6 4
T ran sp lan ted  tum ours a t  
cured  s i t e s  (25 Gy or 
more) 19 14.6  i  0 .88
T ran sp lan ted  tum ours a t 
i r r a d i a t e d  s i t e s  w ith  a  
s in g le  dose of ?0 Gy 14 13 .9  -  0 .5 4
E rro rs  a re  — 1 s .e .m .
* R ecurren t tum ours a f t e r  com plete re g re s s io n
3 .10  The Immune S ta tu s  o f th e  Tumour System:
Table 3 .1 4  shows th e  PHA s tu d ie s  in  v a r io u s  groups of 
m ice. The PHA in d ic e s  of mice b e a r in g  e i t h e r  spontaneous 
or tr a n s p la n te d  C^H mammary tum ours were no t 
s ig n i f i c a n t ly  d i f f e r e n t  from each o th e r  b u t were 
s ig n i f i c a n t ly  low er th a n  th e  mice b e a r in g  no tum ours.
In  tr a n s p la n te d  tum ours, th e  d e p re ss io n  o f PHA index  
occu rred  when th e  tumour became ju s t  p a lp ab le  and 
rem ained a t th e  same low le v e l  th e r e a f t e r  d e s p ite  th e  
in c re a s e  i n  tumour m ass. The PHA in d ex  o f mice cured 
w ith  r a d ia t io n  ro se  to  a  le v e l  which was no t 
s ig n i f i c a n t ly  low er th a n  th a t  of th e  c o n tro l  mice but 
was s ig n i f i c a n t ly  h ig h e r th a n  th e  PHA in d ex  o f mice w ith  
u n tre a te d  tum ours.
T h is  in d ic a te d  a  s ig n i f ic a n t  reco v ery  o f ^ ly m p h o cy te  
resp o n se  in  cured  mice and a lso  confirm ed th a t  th e  
d e p re ss io n  o f PHA in d ic e s  i n  mice b e a r in g  tum ours would 
be due t o  th e  p resence  of tum ours. However, th e  PHA 
in d ex  o f u n i ty  fo r  mice w ith  tum ours tr a n s p la n te d  in  
i r r a d i a t e d  sk in  fo ld s  might suggest some d e p re ss io n  of 
PHA in d ex , r e s u l t in g  from th e  s c a t te r e d  r a d ia t io n  to  th e  
mouse body in s id e  th e  i r r a d i a t i o n  j i g  ( s e c t io n  2 .5 .3 ) .
I t  was in t e r e s t i n g  to  f in d  th a t  th e  im m unization 
p rocedure u s in g  l e t h a l l y  i r r a d ia te d  c e l l s ,  h as  le d  to  
d e p re ss io n  of th e  PHA in d ex  in  such ’’immunized" mice 
b e fo re  tumour t r a n s p la n ta t io n .  The d ep ressed  le v e l  of 
PHA in d ex  in  th e se  mice was s im ila r  to  t h a t  o b ta in ed  in  
mice b e a rin g  tum ours.
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Table 3 .14
PHA s tu d ie s  of th e  tumour system .
Group of mice Number of mice
PHA
in d ex S.E.M.
io A
c o n tro l
C on tro l mice 23 4 .5 4 0.58 100 io
Mice w ith  spontaneous tum ours 14 1.51 0 .23 u io
Mice w ith  tr a n s p la n te d  tum ours 32 1 .56 0.13 16 io
Immunized mice 8 1 .63 1.23 18 io
r<îice cured w ith  ra d io th e ra p y 17 3.76 0.66 83 io
Mice w ith  tumour tr a n s p la n te d  
in  an i r r a d ia te d  sk in  fo ld
(70 Oy)
8 1 0 0 io
S ig n if ic a n c e  o f d if f e r e n c e  betw een th e  v a rio u s  groups as 
a sse ssed  by " t - t e s t "  w ith  B e s s e l’s c o r r e c t io n .
C ategory of d if f e re n c e  f o r  
assessm ent
S ig n if ic a n c e
le v e l Comments
C on tro l V _ spont ane ous 
tum ours
p 0.001 H ighly
s ig n if ic a n t
C on tro l V tr a n s p la n te d  
tum ours
p 0.001 H ighly
s ig n if ic a n t
C on tro l V immunized mice p 0.001 H ighly
s ig n if ic a n t
Spontaneous
tum ours
V tra n s p la n te d  
tum ours
p 0 .05 H o t.
s ig n if ic a n t
C on tro l V cured mice w ith  
ra d io th e ra p y
p 0 .05 Not
s ig n if ic a n t
T ran sp lan ted  
tum ours in  
i r r a d ia te d  
s i t e s
V cured mice w ith  
ra d io th e ra p y
p 0.001 H ighly
s ig n i f ic a n t
Imm unization of th e  mice h as  le d  t o  an enhancement of 
tumour growth d u rin g  th e  l a t e n t  p e r io d , 50 p e r cent of 
th e  tum ours in  th e  immunized mice were d e te c ta b le  a t 
3 .5  days a f t e r  t r a n s p la n ta t io n  ( f ig u re  3 .1 8 ) .  T his was 
in  c o n tra s t  w ith  7*5 days f o r  ro u t in e  t r a n s p la n t s .  
S t a t i s t i c a l  a n a ly s is  of th e  means o f bo th  l a t e n t  p e rio d s  
( ta b le  3 . 10) showed th a t  th e  d if f e r e n c e  was s t a t i s t i c a l l y  
s ig n if ic a n t  ( p < 0 ,0 l ) .
The enhancement of tumour grow th was no t l im ite d  t o  th e  
l a t e n t  p e rio d  bu t i t  co n tin u ed  th rough  th e  observed 
p e rio d  o f grow th. In  f ig u r e  3 .19  and ta b le  3 ,11 , i t  can 
be seen th a t  th e  tum ours i n  immunized mice grew f a s t e r  
th a n  th o se  of ro u tin e  t r a n s p la n t s .  T h is  enhancement of 
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Figure 3 . 19; The growth curves of the tumours in
contro l and immunized m ice.
e t= con tro l mice
O = immunized mice
The mean diam eter does not inclu de
sk in  th ick n ess  (1 .2 5  mm).
3.11 Losses i n  Mice w ith  L o c a lly  C o n tro lle d  Tumours Before
100 Days;
During th e  ex p erim en ta l work, some mice w ith  lo c a l ly  
c o n tro lle d  tum ours were s a c r i f i c e d  due to  sudden s ick n e ss  
or d ied  u nexpec ted ly  "before th e  en d -p o in t of 100 day s. 
These lo s s e s  were presuma"bly due to  m é ta s ta sés  r a th e r  
th a n  gut or hone marrow d e a th  due to  th e  low s c a t t e r  of 
r a d ia t io n  to  th e  mouse body d u rin g  i r r a d i a t i o n  ( le s s  th an  
1 p e r cent o f th e  g iven  dose)* T h is has been confirm ed in  
a  p ro sp e c tiv e  experim ent designed  to  in v e s t ig a te  t h i s  
phenomenon in  50 mice w ith  t h e i r  tum ours t r e a te d  w ith  a  
c u ra tiv e  s in g le  dose of 80 Gy. One of th e se  tum ours 
re c u rre d  a t 80 days and was excluded from th e  a n a ly s is .  
From th e  rem ain ing  49 m ice, 8 d ied  u n ex p ec ted ly  and 7 of 
them were examined h i s to lo g ic a l ly  and in  a l l ,  lung  
m é ta s ta sés  were re v e a le d . Table 3 .15  shows th e  lo s s e s  in  
mice w ith  lo c a l ly  c o n tro l le d  tum ours, d u rin g  th e  whole 
experim en ta l work. From a  t o t a l  o f 283 m ice, 33 d ied  
unexpec ted ly  o r were k i l l e d  due t o  s ic k n e ss , g iv in g  an 
in c id en ce  of 12 p e r  c e n t .  I t  can be seen i n  f ig u re  3.20 
th a t  th e re  i s  a  peak i n  th e  in c id e n ce  of m é tasta sés  
between 25 to  40 days a f t e r  i r r a d i a t i o n .  T his seems to  be 
th e  average tim e needed f o r  th e  tumour c e l l s  to  grow in  
th e  lung  and k i l l  th e  h o s t .  There was no s ig n if ic a n t  
d if f e re n c e  in  th e  in c id e n ce  of m é ta s ta sé s  between th e  
v a rio u s  tre a tm e n t groups in  t a b le  3.15* F urtherm ore, an 
in s p e c tio n  of f ig u r e  3.21 shows no c o r r e la t io n  between 
th e  tim in g  of m é ta s ta sé s  and th e  dose i n  each group.
1 0 1
Table 3 .15  In c id en ce  of lo s s e s  i n  mice w ith  lo c a l ly  c o n tro l le d









•Days of lo s s e s  
a f t e r  
i r r a d i a t i o n
In c id en ce
S ing le  doses t o  
undam ped tum ours
56 5 22, 24, 25, 
35, 60
9 Io
S ing le  dose of *
80 Gy to  undam ped 
tumours
49 8 19, 26, 26,
31, 38 , 39, 
59, 73
16 $
Single  doses to  
clamped tum ours
37 4 38, 52, 56, 
61
11 io
S in g le  doses in  
com bination w ith  
M isonidazole
99 11 24, 29, 30, 
30, 30, 30, 
39, 40, 50, 
54, 62
11 io
S p l i t  dose 
experim ents of 
X—ra y s  a lone
42 5 35, 36, 40, 
44, 45
12 io
T o ta l 283 33 12 io
* H is to lo g ic a l  exam ination  was perform ed on a l l  th e  unexpected  
d e a th s  excep t one and a l l  proved t o  be met a s t a t i c  d e a th s
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F ig u re  3 .20; The tim e d i s t r i b u t io n  of 
unexpected  d e a th s  o f 33 mice 
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These f in d in g s  suggest an in h e re n t tendency  fo r  
m é ta s ta sés  from th e  tum our, which i s  independent of th e  
dose of r a d ia t io n ,  th e  clam ping procedure and th e  use 
o f M ison idazo le , However, W alker e t  a l . ( 258) showed a 
s ig n i f ic a n t  prom otion o f m é ta s ta sé s  from th e  tumour hy 
lo c a l ly  c u ra tiv e  h y p e rth e rm ia .
1 0 2
3.12 H is to lo g ic a l  S tu d ie s !
3 .1 2 .1  The Anatomy and H is to lo g y  of th e  Skin of th e  Mouse 
Back:
Mouse sk in  i s  composed of ep iderm is which i s  a  
s t r a t i f i e d  squamous ep ith e liu m  and derm is which c o n s is ts  
of f ib ro u s  co n n ec tiv e  t i s s u e .  A th in  la y e r  of 
s t r a t i f i e d  muscle f i b r e s ;  th e  pan n icu lu s  carnosus muscle 
(P .C .)  s e p a ra te s  th e  derm is from th e  subcutaneous lo o se  
co n n ec tive  t i s s u e  la y e r .  The l a t t e r  f a c i l i t a t e s  f r e e  
movement o f th e  sk in  over th e  d o rsa l m uscles and th ro u g h  
i t ,  th e  sk in  can be s tr ip p e d  o ff  e a s i ly  w ith  minimal 
b le e d in g . P la te  3 .2  shows th a t  th e  blood supply  o f th e  
sk in  o r ig in a te s  from th e  a x i l la e  and g ro in s .  
H is to lo g ic a l ly ,  th e  b lood c a p i l l a r i e s  a re  d i s t r ib u te d  
s u p e r f i c i a l l y  and deep to  th e  P .C . muscle b u t m ain ly  in  
th e  d e rm is . T h is  i s  i n  c o n tra s t  w ith  th e  deeper p a r t  o f 
th e  subcutaneous la y e r  which i s  n e a r ly  a v a s c u la r .
P la te  3 .3  shows th a t  th e  sk in  w ith  th e  tumour mass can 
be s tr ip p e d  o f f  e a s i ly  from th e  back o f th e  mouse. I t  
a lso  d em o n stra tes  th e  in c re a se d  s iz e  of th e  blood supply  
of th e  slcin and th e  in c re a se d  v a sc u la r  d e n s ity  a t th e  
p e r ip h e ry  o f th e  tum our. The s tim u la te d  v a sc u la tu re  a t  
th e  s i t e  o f th e  in o c u la  can be seen as  e a r ly  as 3 days 
a f t e r  t r a n s p la n ta t io n  and becomes more obvious as th e  
tumour re a ch e s  3 t o  4 mm mean d iam e te r . T h is v a sc u la r  
d e n s i ty  becomes r e l a t i v e l y ,  l e s s  obvious in  la r g e r  
tum ours, most l i k e l y  because of d isp lacem ent and wide 
s e p a ra tio n  o f th e  b lood  v e s s e ls  by th e  groiving tum our.
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P la te  3 .2 : The blood supply  o f th e  sk in .
P la te  3-3: The b lood supply  of th e  tumour,
M icro sc o p ic a lly , t h i s  in c re a se d  v a sc u la r  d e n s i ty  i s  a 
r e f l e c t i o n  o f numerous, th in  w alled , d i l a t e d  blood 
v e s s e ls  i n  r e l a t i o n  to  th e  P .C . m uscle.
An i n t e r e s t i n g  o b se rv a tio n  i s  th e  minimal or absen t 
v a s c u la r i ty  i n  th e  v i c in i t y  o f th o se  tum ours w ith  v e ry  
slow growth r a t e  or l a t e  appearance ()> 30 days a f t e r  
t r a n s p l a n t a t i o n ) •
3 ,1 2 .2  H is to lo g ic a l  Exam ination of th e  Tumour;
The e a r ly  phases of th e  s t r u c tu r a l  o rg a n iz a tio n  of th e  
tumour can be seen in  th e  h is to lo g ic a l  s e c t io n s  o f sm all 
tum ours (2  t o  3 mm mean d ia m e te r ) . The tumour ap p ears  
to  grow in  th e  subcutaneous la y e r  from se v e ra l  f o c i  of 
s in g le  c e l l s  o r clumps o f tumour c e l l s .  The c e l l s  in  
th e  v i c i n i t y  of th e  P .C . muscle have th e  o p p o rtu n ity  to  
e n c ir c le  th e  numerous b lood  v e s s e ls  in  th a t  re g io n .
On th e  o th e r  hand, th e  tumour fo c i  a t a  deeper le v e l  
grow in  s iz e  fo rm ing  la rg e  nodules w ith  a  n e c r o t ic  
c e n tr e , surrounded by a  rim  of about 100 ^  w id th  of 
a p p a re n tly  h e a lth y  tumour c e l l s .  The c o n ta c t ' o f th e se  
n odu les  w ith  each o th e r  and a lso  w ith  th e  o u te r  p a r t  of 
th e  tum our, r e s u l t s  in  n e c ro s is  o f th e  in n e r  p a r t s  of 
th e  rim s and hence th e  fo rm atio n  o f a  la rg e  n e c r o t ic  
zone e n c lo s in g  in  a  wavy rim  of tumour c e l l s .
P la te  3*4 h ig h l ig h ts  t h i s  type  of growth in  th e  absence 
of nearby  s trom al blood v e s s e ls .  The th in  wavy rim  of 
t h i s  l a r ^  nodule re p re s e n ts  th e  rem nants o f s e v e ra l  
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P la te  3*4: The m icroscop ic  f e a tu re s  of th e  tumour in
the absence of nearby stromal blood vessels 
(haematoxylin, eosin XlOO). The thin wavy 
rim lOOn) of apparently viable tumour 
tissue represents the remnants of several 
small nodules.
The c o n s ta n t w id th  o f t h i s  p e r ip h e ra l  rim  ( ^ 1 0 0  p.) i s  
most l i k e ly  t o  he due to  th e  d ea th  o f an in n e r  c e l l  
la y e r  f o r  ev ery  a d d it io n a l  o u te r c e l l  lay e r*  T h is  i s  
a ls o  th e  h i s to lo g ic a l  appearance o f some tum ours which 
appeared  a f t e r  a  lo n g  l a t e n t  p e rio d  ( > 3 0  days a f t e r  
t r a n s p la n ta t io n  and grew very  s lo w ly . The f i n a l  tumour 
s t r u c tu r e  can he seen c le a r ly  on h i s to lo g ic a l  s tu d ie s  
o f la rg e  tum ours (6 and 10 mm mean d iam e te r) p la te s  
3*5 and 3*6:—
In  g e n e ra l, th e  tumour has a  s ig n e t r in g  appearance 
w ith  a  th ic k e r  dome under th e  ep iderm is c o n s is t in g  o f 
s e v e ra l  tumour c e l l  la y e r s  which ta p e r  to  a  few c e l l  
la y e r s  o r even i s  d e fe c t iv e  a t th e  in n e r  p a r t  of th e  
tum our. The a p p a re n tly  h e a lth y  tumour rim  su rrounds an 
e c c e n tr ic  n e c r o t ic  a re a  p re se n t tow ards th e  deeper p a r t  
o f th e  tum our. Numerous tumour cords can he seen in s id e  
and a t th e  p e r ip h e ry  o f th e  n e c ro t ic  zone. Each cord  
c o n s is ts  of about a  100 ;u rim  of a p p a re n tly  h e a lth y  
tumour c e l l s  e n c i r c l in g  a  c e n tr a l  blood v e s s e l ,  p la te  
3*7» These co rd s  become w ell dem arcated w ith 'w id e r  
c e n tr a l  v e s s e ls  tow ards th e  c en tre  of th e  n e c r o t ic  zone. 
However, s e v e ra l  of th e s e  cords show m assive n e c r o t ic  
p ro c e ss , le a v in g  p y k n o tic  tumour n u c le i su rro u n d in g  a 
la rg e  number o f re d  blood c e l l s .  The p ro c e ss  of 
n e c ro s is  appears  t o  in c re a s e  w ith  tumour grow th. T h is  
can be seen  in  ta b le  3*16 where th e  r e l a t i v e  volume of 
n e c ro s is  i s  more th a n  doubled as th e  tumour s iz e  in c re a s e s  




































































P la te  3 .?: Tumour cords in  un irradiated  tumours
(haem atoiylin , eo sin  XlOO). Each cord 
c o n s is ts  of about a lOQp rim of apparently  
health y  tumour c e l l s  e n c ir c lin g  a cen tra l 
blood v e s s e l .  Surrounding the cords, 
numerous pyknotic n u cle i can be seen; th ese  
are the r e su lt  of r e la t iv e ly  recent n e c ro s is
T ab le  3 .1 6  N e c ro s is  i n  m u l t ip le  g e n e ra t io n  C^H mammary tum our.
The r e l a t i v e  volume o f  n e c r o t i c  t i s s u e  (^ )
Tumour s iz e  
(mm) R o u tin e
T ra n s p la n ts
R e c u rre n t 
tum ours a f t e r  
s in g le  dose 
o f 60 Gy
T ra n s p la n te d  
tum ours a t  
c u re d  s i t e s
2 - 3 1 6 .9  t 5 .8 — —
5 - 6 2 1 .6  t  4 .9 63 -  5 .4 4 54 -  7 .1 5
9 -1 0 4 2 .2  i  7 .7 54 .5  -  8 .1 9 47 - 1 0
E r r o r s  a re  — 1 s ta n d a rd  d e v ia t io n
The outward displacement of the surrounding tissue hy 
the expanding tumour results in the formation of a fine 
fibrous capsule around the tumour mass. This capsule 
is deficient under the epidermis where the thicker 
outer part of the tumour has destroyed and replaced the 
P.C. muscle. The presence of tumour cells in the 
subcutaneous tissue appears to induce a cellular 
reaction, mainly of fibroblasts and lymphocytes with 
few macrophages. This reaction is more obvious in 
small tumours (2 to 3 mm mean diameter) than in large 
tumours and hence it may indicate a temporary immune 
reaction at an early phase of growth.
The presence of a tumour capsule and the growth of the 
tumour by expansion rather than invasion, have 
facilitated the removal of the tumour intact with 
careful ^ssection. The tumour has a fleshy consistency 
and greyish tinge on cut section. Histologically, the 
tumour is undifferentiated adenocarcinoma with areas of 
necrosis seen in the tumour at a very small size. This 
is in contrast with the original spontaneous C^H mammary 
adenocarcinoma, obtained from the Gray Laboratory.
P l a t e  3 .8  shows th e  h i s t o l o g i c a l  s t r u c t u r e  o f an e a r l y  
t r a n s p l a n t  o f t h a t  tum our; i t  em phasizes th e  w e ll 
d i f f e r e n t i a t e d  n a tu r e ,  th e  u n ifo rm  d i s t r i b u t i o n  o f  th e  
s tro m a  and v a s c u la r i t y  and th e  a b se n t o r  m inim al n e c r o t i c  
a r e a s  i n  th e  o r ig i n a l  tum our.
3 .1 2 .3  Histology o f  Irradiated Tumours;
1 0 6
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P la te  3 . 8: M icroscopic fea tu res  of an ea r ly  transp lan t
of the tumour (haem atoxylin, eo s in  XlOO). 
There i s  acinar form ation with uniform  
d is tr ib u tio n  of the stroma and v a sc u la r ity .  
No n ecro s is  can be seen .
The h i s to lo g ic a l  p ic tu r e  du rin g  th e  re g re s s io n  p e rio d  
was s im ila r  in  a l l  i r r a d ia t e d  tumours both  w ith  s in g le  
doses of X—ra y s  a lone  and in  com bination w ith  
M ison idazo le . At 8 to  10 days fo llo w in g  i r r a d i a t i o n ,  
th e  tumour mass c o n s is te d  of a la rg e  n e c r o t ic  c e n tre  
surrounded by a  rim  of tumour c e l l s  which was u s u a lly  
d e fe c t iv e  a t th e  deeper p a r t  of th e  tumour (p la te  3*9) • 
The a p p a re n tly  v ia b le  c e l l s  a t th e  p e r ip h e ry  of th e  
tumour showed incom ple te  c e l l  d iv is io n , form ing 
m u ltin u c le a te d  g ia n t  c e l l s .  The c e n tr a l  and deeper p a r t  
of th e  tum ours s u f fe re d  most obvious r a d ia t io n  damage 
w ith  com plete d isap p earan ce  of th e  tumour cords by 8 to  
10 days fo llo w in g  i r r a d i a t i o n .  The h i s to lo g ic a l  s tu d ie s  
of th e  re g re s s e d  tum ours a t l6  to  18 days re v e a le d  a 
re d u c tio n  of th e  r e l a t i v e  volume or even com plete 
d isap p earan ce  of th e  n e c r o t ic  a re a s , le a v in g  a few 
s c a t te r e d  tumour c e l l s  in  f ib r o s c le r o t i c  subcutaneous 
s trom a. These h i s to lo g ic a l ly  in ta c t  c e l l s  were even 
p re se n t i n  tum ours, i r r a d ia t e d  vdth  s in g le  c u ra tiv e  
doses of 80 Gy of X—ra y s  a lone  and 40 Gy - in  
com bination w ith  M iso n id azo le (p la te  3*10)&
Macrophages in  d i f f e r e n t  s ta g e s  of p h ag o cy to sis  and 
n e u tro p h ils  were seen e s p e c ia l ly  in  th e  re g re sse d  
tum ours l6  to  18 days fo llo w in g  i r r a d i a t i o n ,  but no 
lym phocytes were observed . V a sc u la r ity  was le s s  marked 
in  th e  i r r a d ia t e d  tum ours 8 to  10 days fo llo w in g  
i r r a d i a t i o n ;  only  s c a t te re d  blood v e s s e ls  could  be seen 
a t th e  p e r ip h e ry  of th e  tumour mass. However,
1 0 7
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P la te  3 »9: M icroscopic fea tu res  of an irra d ia ted
tumour 10 days, fo llo w in g  ir r a d ia tio n  
(haem atoxylin, eo sin  XlOO). The tumour 
mass c o n s is t s  o f a large n ecro tic  cen tre, 
surrounded with a th in  rim of tumour c e l l s ,  
These c e l l s  show incom plete c e l l  d iv is io n ,  




P la te  3 . 10: M icroscopic fea tu res  of an irrad ia ted
tumour 16 days fo llo w in g  ir ra d ia tio n  with  
a s in g le  dose of 80 Qy (haem atoxylin, eosin  
X200) • The n e c ro tic  t is s u e  has com pletely  
disappeared, lea v in g  sca ttered  tumour c e l l s  
in  f ib r o s c le r o t ic  stroma.
v a s c u la r i ty  became r e l a t i v e l y  more obvious i n  th e  
re g re sse d  tum ours 16 t o  18 days fo llo w in g  i r r a d i a t i o n .
3*12.4  H is to lo g y  of R ecu rren t Tumours:
The g en era l m orpholog ica l s t r u c tu r e  o f th e s e  tum ours 
was e s s e n t i a l ly  s im ila r  t o  t h a t  o f u n ir r a d ia te d  
tum ours. However, th e  r e l a t i v e  volume occupied by 
n e c ro s is  was la r g e r  ( t a b le  3*1&) and s e v e ra l  n e c ro tic  
zones extended th ro u g h  th e  o u te r  tumour dome which 
appeared th in n e r  th a n  i n  u n i r r a d ia te d  tum ours 
( p la te  3*11)* The ex cess  n e c ro s is  in  th e  r e c u r re n t  
tum ours dem arcated w e ll and s e p a ra te d  w idely  th e  
tumour cords from each o th e r  ( p la te  3*12). D esp ite  
th e  apparen t s c a t t e r  o f th e  cords w ith in  th e  tumour 
mass, th e  w idth  o f t h e i r  rim s of h e a lth y  tumour c e l l s  
was s t i l l  ^  100 ju. In  th e s e  tum ours, an i n t e r e s t i n g  
o b se rv a tio n  was th e  s p a r s i ty  o f p y k n o tic  n u c le i  a t th e  
in te r f a c e  between th e  h e a lth y  tumour c e l l s  and th e  
n e c r o t ic  a re a s , i n  com parison w ith  u n i r r a d ia te d  tumours,
3*12.5 H is to lo g y  of T ran sp lan ted  Tumours a t  th e  S i t e s  of 
P re v io u s ly  Cured Tumours:
The h i s to lo g ic a l  s t r u c tu r e  o f t r a n s p la n te d  tum ours a t 
th e s e  s i t e s  was e s s e n t i a l l y  s im i la r  t o  t h a t  of 
re c u r re n t  tum ours. F urtherm ore , th e  r e l a t i v e  volume 
o f n e c ro tic  t i s s u e  d id  no t d i f f e r  s ig n i f i c a n t ly  in  th e  
two tum ours ( ta b le  3*16).
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mP la te  3 . 11: M icroscopic fea tu res  o f a recurrent tumour
a fte r  a s in g le  X-ray dose o f 60 Qy 
(haemat ox y lin  and eo s in  XlOO). The 
n e c ro tic  t i s s u e  extends th ro u ^  the outer 
dome of th e tumour which appears th inner  
than th at o f u n irrad iated  tumours.
%P la te  3 . 12: M icroscopic fea tu res  of a recurrent tumour
a fter  a s in g le  X-ray dose of 60 Gy 
(haem atoxylin, eo s in  XlOO). The tumour 
cords are w idely  separated by n ecro tic  
zones.
CHAPTER IV
D i s c u s s i o n
4 .1  Tumour T ra n s p la n ta t io n  U sing a C e ll Suspensions
Many w orkers t r a n s p la n t  sm all p ie c e s  of tum ours r a th e r  
th a n  u s in g  a c e l l  su sp en sio n . T h is i s  t o  avoid  th e  
s e v e ra l  problem s m entioned in  s e c tio n  3 .1  and t o  o b ta in  
s u i ta b le  tum ours fo r  i r r a d i a t i o n .  In  th e  p re s e n t work, 
i t  was e s s e n t i a l  to  use a  c e l l  su spension  f o r  
t r a n s p la n ta t io n  fo r  th e  fo llo w in g  re a so n s ;
1 — The s tu d y  of th e  p e rcen tag e  ta k e s  and th e  l a t e n t
p e r io d s  f o r  ro u tin e  t r a n s p la n t s  and th o se  a t 
p re —ir r a d i a t e d  and cured  s i t e s ;
2 — I t  would h e lp  i n  th e  u n d e rs tan d in g  of th e  s t r u c tu r a l
o rg a n iz a tio n  of th e  tumour a t th e  e a r ly  phases o f 
grow th ( s e c t io n  3 .1 2 .2 ) ;
3 — D uring su ccess iv e  t r a n s p la n ta t io n ,  th e r e  would have
been a  g re a te r  p o s s i b i l i t y  of s e le c t io n  o f c e l l s  
o th e r  th a n  th e  tumour c e l l  l i n e ,  i f  tum our p ie c e s  
r a th e r  th a n  a tumour c e l l  su spension  had been used ;
4 — I t  would perm it in  v i t r o  e x p lan ts  to  be made when
n e c e ssa ry  and any fu tu re  com parison betw een th e  
c e l l  l i n e  in  v i t r o  and i n  v iv o .
When u s in g  a c e l l  suspension  f o r  tumour t r a n s p la n ta t io n ,  
th e  fo llo w in g  te c h n ic a l  f a c to r s  would le a d  to  a  degree 
o f u n c e r ta in ty  about th e  exact number of v ia b le  c e l l s  
in je c te d  in  each mouse:
1 — V a r ia tio n s  in  c e l l  coun ting  and th e  in c lu s io n  of
non—v ia b le  bu t m orpho log ica lly  i n t a c t  tumour c e l l s ;
2 — Loss o f some p a r t  of th e  in o c u la  th ro u g h  th e  need le
t r a c k s ;
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3 — D ecrease of th e  number of tumour c e l l s  in
su ccess iv e  in o c u la  due to  sed im en ta tio n  and 
clum ping in  th e  sy rin g e  d u rin g  th e  t r a n s p la n t  
p rocedure;
4 — The p o s s ib le  d ecrease  in  v i a b i l i t y  o f tumour c e l l s
from th e  tim e o f k i l l i n g  of th e  tumour b e a r in g  
mouse and p re p a ra t io n  of th e  c e l l  su sp en sio n  up to  
th e  tim e of l a s t  in j e c t i o n .
These f a c to r s  were th e  most l i k e ly  e x p la n a tio n  f o r  th e  
sp read  in  th e  l a t e n t  p e r io d s  in  th e  p re s e n t tumour 
system  (s e c t io n  3 .1 .2 ) .
I t  was ev id en t from th e  s t a r t  o f th e  p re s e n t work, th a t  
s k i l l  and e x tr a  care  were needed f o r  each s te p  of 
t r a n s p la n ta t io n  u s in g  a  c e l l  su sp en sio n . Hence, i t  
was p o s s ib le  to  o b ta in  100 per cen t tum our ta k e  and 
e n o u ^  tum ours which were s u i ta b le  f o r  i r r a d i a t i o n .
4 .2  S tr u c tu r a l  O rg an iza tio n  of th e  M u ltip le  G enera tion  C^H 
Mammary Tumour;
The d i s t r ib u t io n  of th e  a p p a re n tly  v ia b le  tumour c e l l s  
ap pears  to  fo llo w  th e  d i s t r ib u t io n  of th e  b lood  v e s s e ls  
and th e  d if f u s io n  c a p a c ity  of th e  n u t r i e n t s  in c lu d in g  
oxygen. Furtherm ore, i t  has confirm ed th e  im portance of 
oxygen and i t s  d if f u s io n  range ( s e c t io n  1 .5 ) .  The 
s t r u c tu r a l  arrangem ent o f th e  sk in  and th e  d i s t r i b u t io n  
o f th e  blood v e s s e ls  in  r e l a t i o n  to  th e  p an n icu iu s  
carnosus muscle p o in t to  w e ll v a s c u la r iz e d  and w ell 
oxygenated zone in  th e  sk in  along  th e  muscle la y e r .
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The s ig n e t r in g  appearance o f th e  tumour d e sc rib ed  in  
s e c tio n  3 .1 2 .2  would suggest th a t  th e  th ic k e r  o u te r p a r t  
of th e  tumour rim  i s  u t i l i z i n g  th e  r ic h  v a s c u la r i ty  a t 
th e  s i t e  of th e  d e s tro y ed  p an n icu iu s  m uscle. The 
deeper p a r t  of th e  rim , on th e  o th e r  hand, appears to  
depend m ainly on d i f f u s io n  from th e  surrounding  t i s s u e s .  
However, d if f u s io n  seems t o  be l e s s  e f f i c i e n t  tow ards 
th e  in n e r  p o le  o f th e  tumour due to  i t s  s e p a ra tio n  from 
th e  w ell oxygenated zone a long  th e  muscle la y e r  by th e  
growing tumour m ass.
The naked eye and h i s to lo g ic a l  exam inations o f th e  
tumour have shown an in c re a se d  v a s c u la r i ty  a t th e  
t r a n s p la n ta t io n  s i t e  and in tra tu m o u r blood v e s s e ls .
The growth of th e  tumour from s e v e ra l fo c i  suggests  th a t  
th e se  in n e r  blood v e s s e ls  a re  more l i k e ly  t o  be p re­
e x is t in g  v e s s e ls  e n c ir c le d  by th e  tumour c e l l s ,  r a th e r  
th a n  p e n e tr a t in g  v e s s e ls  from th e  p e r ip h e ry .
The r e la t iv e  volume o f a p p a re n tly  v ia b le  tumour t i s s u e  
d ecreases  from 83 — 5 .8 ^  t o  $8 — 7»7^ as th e  tumour s iz e  
in c re a s e s  from 3 mm to  10 mm mean d iam e te r, r e s p e c t iv e ly  
( ta b le  3*16). T h is  most l i k e l y  r e f l e c t s  th e  p ro g re ss iv e  
inadequacy o f th e  b lood supply  to  support th e  growing 
tumour mass and might a lso  e x p la in  th e  slow er r a te  of 
growth w ith  in c re a se d  tumour s i z e .  I t  i s  i n t e r e s t in g  
th a t  th e  accum ulation  of th e  n e c r o t ic  m a te r ia l  w ith in  
th e  tumour, fo llo w s th e  d i r e c t io n  of oxygen d if fu s io n , 
i . e .  n e c ro s is  occurs a t th e  in n e r  su rfa ce  of th e  
p e r ip h e ra l  rim  and a t  th e  o u te r  su rfa c e  of th e  tumour
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co rd s . Both th e  tumour cap su le  and th e  p e r ip h e ra l  rim  
enclo se  t h i s  m a te r ia l  w ith  p ro g re s s iv e  in c re a se  in  i t s  
r e l a t i v e  volume as  th e  tum our grows, a lthough  some of 
t h i s  n e c r o t ic  m a te r ia l  m ight he absorbed n a tu r a l ly  from 
th e  tum our. When u s in g  a  c e l l  suspension  f o r  
t r a n s p la n ta t io n ,  some tum our c e l l s  a re  d e p o sited  a t th e  
deeper av asc u la r  p a r t  o f th e  subcutaneous la y e r .  T h e ir 
d iv is io n  and grow th seem t o  depend s o le ly  on d if f u s io n  
from th e  su rro u n d in g  t i s s u e s ,  in  th e  absence of nearby  
blood v e s s e l s .  The tum our mass, in  t h i s  case , c o n s is ts  
of a n e c r o t ic  c e n tre  surrounded  by a th in  rim  of 
a p p a ren tly  v ia b le  tumour c e l l s  (p la te  3 .4 )»  Furtherm ore, 
th e  growth r a t e  i s  slow and re p re s e n ts  m ainly an in c re a se  
in  th e  s iz e  of th e  n e c r o t ic  c e n tre  and th e  d ea th  of an 
in n e r  c e l l  la y e r  f o r  ev ery  a d d it io n a l  o u te r  c e l l  la y e r .  
The h i s to lo g ic a l  s tu d ie s  o f th e  tumour suggest th a t  th e  
s t r u c tu r a l  arrangem ent o f  th e  sk in  p lay s  an im portan t 
r o le  in  th e  s t r u c tu r a l  o rg a n iz a tio n  o f th e  tum our. These 
s tu d ie s  a lso  p o in t t o  th e  hypoxic n a tu re  of th e  tumour 
and th e  c a p a b i l i ty  o f th e  tumour c e l l s  t o  su rv iv e  on 
d i f f u s io n  in  th e  absence o f blood v e s s e ls  in  th e  v i c in i t y  
of th e se  c e l l s .
4 .3  The C h a r a c te r is t ic  P a t te r n  and Rate of Tumour R eg ress io n : 
In  th e  p re se n t tumour system , a  c h a r a c te r i s t i c  p a t te r n  
and r a te  of r e g re s s io n  e x is t  a f t e r  i r r a d i a t i o n  even a t  
a r e l a t i v e l y  low s in g le  dose o f 25 Gy as re v e a le d  by 
M ison idazo le . The m agnitude of c e l l  k i l l i n g  w ith  doses
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l e s s  th a n  20 Gy i s  no t enough to  show i f  t h i s  p a t te rn  
s t i l l  e x i s t s  a t such low er d o se s . T h is  i s  o f i n t e r e s t ,  
s in ce  th e  tumour bed e f f e c t  seems t o  p la te a u  a t  doses 
of about 20 Qy ( s e c t io n  I . ? ) .  Below t h i s  dose le v e l ,  
damage to  th e  tum our v a s c u la tu re , ly m phatics  and th e  
c e l l  lo s s  mechanisms would be le s s  and hence a  f a s t e r  
r a t e  of re g re s s io n  m ight o ccu r.
The s im ila r  p a t te r n  o f r e g re s s io n  th a t  emerges fo llo w in g  
non—c u ra tiv e  and c u ra t iv e  doses o f X—ra y s  alone or in  
com bination w ith  M ison idazo le , s tro n g ly  su g g es ts  th a t  
th e  r a t e  of r e g re s s io n  i s  a  poor in d ic a to r  o f r a d ia t io n  
c u r a b i l i ty .  Once re p o p u la tio n  becomes l e s s  e f f e c t iv e  as 
a  r e s u l t  o f d ep o p u la tio n  o f th e  tumour to  a low le v e l  or 
when a l l  tumour c e l l s  have been k i l l e d ,  th e  p a t te r n  and 
th e  r a te  of r e g re s s io n  would be s im i la r .  T h is would be 
th e  r e s u l t  on ly  o f th e  r a t e  o f rem oval of th e  doomed 
tumour c e l l s ,  c e l l  d e b r is  and th e  e f f ic ie n c y  of th e  
mechanisms re s p o n s ib le  f o r  c le a ra n c e , a f t e r  i r r a d i a t i o n .  
T h is  i s  confirm ed by th e  h i s to lo g ic a l  p ic tu r e  of 
i r r a d ia t e d  tum ours d u rin g  th e  re g re s s io n  p e rio d  ( s e c t io n  
3 .11 . 3) .  The tumour mass c o n s is te d  m ainly of a la rg e  
n e c r o t ic  c e n tre  surrounded w ith  an incom plete  rim  of 
tumour c e l l s  which showed incom ple te  c e l l  d iv is io n .  A 
re d u c tio n  o r even com plete d isap p earan ce  of th e  n e c r o t ic  
c en tre  was observed n ea r th e  end o f th e  re g re s s io n  
p e r io d . The tumour c e l l s  form ing th e  p e r ip h e ra l  rim  
seem to  d i f f e r  from th e  r e s t  in  an unknown way which 
m ain ta in s  c e l l  d iv is io n  f o r  a  l im ite d  p e rio d  in  th e
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m a jo rity  of c e l l s  (m i to t ic  death.) hut in d e f in i t e ly  in  
one or more c e l l s .  The l a t t e r  would he re sp o n s ib le  
fo r  tumour r e c u r re n c e s . I t  i s  p o s s ib le  th a t  th e se  c e l l s  
have su rv iv ed  th e  tre a tm e n t due to  hypoxia a t th e  tim e 
of i r r a d i a t i o n .  However, th e  p e rs is te n c e  of a 
r e l a t i v e l y  b e t t e r  oxygenation  s ta tu s  im m ediately  a f t e r  
tre a tm e n t, a t th e  p e r ip h e ry  o f th e  tumour in  com parison 
w ith  th e  deeper p a r t s ,  a llow ed th e  c e l l s  a t th e  p e r ip h e ry  
t o  reco v er from s u b le th a l  damage and to  co n tinue  c e l l  
d iv is io n .  T h is i s  d e s p i te  th e  p o s s ib i l i t y  of reduced 
reco v ery  from p o te n t i a l l y  l e t h a l  damage in  t h i s  case 
( s e c t io n  1 .8 ) .
The r a te  and p a t te r n  o f r e g re s s io n  fo llo w in g  i r r a d i a t i o n  
appear to  be a c h a r a c t e r i s t i c  f e a tu re  o f each ty p e  of 
tumour ( s e c t io n  I . I O ) .  T h is  has a lso  been s t r e s s e d  by 
T ro tt e t  a l .  (259) Kovacs e t  a l .  (2Ô0). T h e re fo re , 
one can no t expect a  f a s t e r  r a t e  of r e g re s s io n , however 
h igh  a dose i s  g iven ; t h i s  would be so w hether or no t a l l  
th e  tumour c e l l s  a re  re n d e red  s e n s i t iv e  to  r a d ia t io n  
k i l l i n g  by oxygen o r hypoxic c e l l  r a d io s e n s i t i z e r s .
O ther m o d a litie s  of tre a tm e n t such as chemotherapy or 
hy p erth e rm ia  may produce a  d i f f e r e n t  re sp o n se . In  t h i s  
work, th e  p resen ce  of hypoxic  c e l l s  in  th e  tum ours can 
be assumed to  e x p la in  th e  d if fe re n c e  in  th e  observed g ro ss  
response  between tum ours i r r a d i a t e d  w ith  X -rays a lone and 
th o se  i r r a d ia t e d  in  com bination  w ith  M isonidazole a f t e r  
th e  same dose of r a d ia t io n  ( f ig u r e s  3 .5 ; 3 .6 ) .  T h is  may 
e x p la in  th e  observed  h e te ro g e n e ity  in  resp o n se  to  s im ila r
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doses o f r a d ia t io n  betw een tum ours of th e  same ty p e ; 
bo th  human and a n im a ls . I f  t h i s  i s  th e  case , th e  
c h a r a c t e r i s t i c  p a t t e r n  o f re g re s s io n  of th e  tumour ty p e , 
w i l l  be re v e a le d  e i t h e r  by an in c re a se  i n  dose or 
r a d io s e n s i t i z a t io n  of th e  c e l l s  by oxygen or hypoxic 
c e l l  r a d io s e n s i t i z e r s .  The d if fe re n c e  in  th e  re g re s s io n  
fe a tu re s  between tum ours o f d i f f e r e n t  ty p e s , bo th  human 
and an im als, might be r e l a t e d  to  th e  h i s to lo g ic a l  
s t ru c tu re  of th e  tum our, e s p e c ia l ly  i t s  v a sc u la r  
a r c h i te c tu r e ;  th e  mode o f c e l l  d ea th  (m ito tic  or 
in te rp h a se  d ea th  an d /o r th e  e f f ic ie n c y  of th e  mechanisms 
re s p o n s ib le  f o r  d ig e s t io n  and rem oval of th e  doomed 
c e l l s  and th e  c e l l  d e b r is  a f t e r  i r r a d i a t i o n .  The f i r s t  
of th e  afo rem entioned  i s  b e lie v e d , ly  se v e ra l w orkers 
( 25, 239, 260) ,  t o  be th e  most im portan t f a c to r .
The p ro c e ss  o f r e  oxygen a t i  on appears to  occur e a r ly  when 
th e  tumour s h r in k s  r a p id ly  fo llo w in g  i r r a d i a t i o n  ( s e c t io n  
1 . 9) .  In  th e  p re s e n t tum our, however, re g re s s io n  only  
became ev id en t about tw e lv e  days from th e  day of 
i r r a d i a t i o n  and s in g le  doses below 50 Qy in  th e  absence 
o f M isonidazole d id  n o t produce any re g re s s io n  a t a l l .
I t  i s  tem p tin g  to  say  th a t  reo xygenation  w i l l  no t be an 
im portan t f a c to r  in  t h i s  tumour system and o th e r slow ly  
re g re s s in g  tum ours. T h e re fo re , o th e r  means designed  to  
overcome th e  r a d io r e s i s t a n t  hypoxic c e l l s  should  be used 
in  th e se  tum ours, where th e  b e n e f ic ia l  e f f e c t  of 
re  oxygénât io n  w ith  f r a c t io n a te d  i r r a d i a t i o n  i s  no t 
ex p ec ted .
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4*4  The R e la t io n  Betw een Tumour R e g r e ss io n  and th e  
P r o b a b i l i t y  o f  L o ca l C on tro l:
There h a s been  much c o n tr o v e r sy  about th e  e x is t e n c e  o f  
a  r e la t io n s h ip  betw een  tumour r e g r e s s io n  and l o c a l  
c o n tr o l  i n  b o th  human and anim al tu m ou rs. The 
e s ta b lish m e n t  o f  a  c o n s is t e n t  r e la t io n s h ip  w ould perm it  
s e l e c t i o n  o f  optimum r a d ia t io n  d o se s  and any f u r th e r  
tre a tm e n t n e c e s s a r y  t o  a c h ie v e  cu re , i f  t h e  outcome o f  
th e  tr e a tm e n t i s  known i n  ad van ce. S u it  e t  a l ,  ( I 50) 
d id  n ot f in d  any p r o g n o s t ic  s ig n i f ic a n c e  o f  tumour 
r e g r e s s io n  a f t e r  la r g e  s in g le  d o s e s  i n  a  sp o n ta n eo u s C^H 
mammary tumour and i n  ?2 p a t ie n t s  w ith  squamous c e l l  
carcinom a o f  t h e  head and neck  t r e a t e d  w ith  c o n v e n t ia l  
f r a c t io n a t e d  r a d io th e r a p y . T r o tt  e t  a l .  (2 5 9 ) d id  n ot  
f in d  any c o r r e la t io n  betw een th e  r a te  and p a t te r n  o f  
tumour r e g r e s s io n  and th e  r a d ia t io n  c u r a b i l i t y  o f  3 
d i f f e r e n t  tum ours, adenocarcinom a 284, f ib r o sa r c o m a  SSK 
and H arding P a s s e y  melanoma. They con c lu d ed  th a t  th e  
tumour g r o s s  r e sp o n se  i s  a v e r y  m is le a d in g  judge o f  th e  
■ r a d i o s e n s i t i v i t y  o f  th e  tumour t y p e .  Friedm an e t  a l .
( 261) i n  a s tu d y  o f  123 p a t ie n t s  w ith  H o d g k in 's  d i s e a s e  
found a m ixed p a t te r n  o f  tumour shrin lcage i n  one h a l f  o f  
t h e s e  p a t ie n t s  and con clu d ed  th a t  th e  r a t e  o f  sh r in k a g e , 
c o u ld  n o t be u sed  f o r  c l i n i c a l  or r a d io b io lo g ic a l  
p u r p o se s . On t h e  o th e r  hand, M arcia l and Bosch ( 262) ,  and 
Grossman e t  a l .  ( 263) ,  i n  s t u d ie s  o f  p a t ie n t s  w ith  
carcinom a o f  th e  u t e r in e  c e r v ix ,  con clu d ed  th a t  com p lete  
tumour r e g r e s s io n ,  e a r ly  or l a t e  i s  a s s o c ia t e d  w ith
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e x e l le n t  s u r v iv a l .  Denekamp ( 15I )  i n  a  r e t r o s p e c t iv e  
a n a ly s is  o f th e  f i r s t  g e n e ra tio n  C^H mammary tumour 
found a  c o r r e la t io n  between shrinkage and th e  u l t im a te  
cure  p r o b a b i l i ty  a f t e r  s in g le  or f r a c t io n a te d  
i r r a d i a t i o n .
S u it and Shalek (173,264) and S u it and G a llag h e r ( 265) ,  
found m o rp h o lo g ica lly  i n t a c t  and norm ally  s ta in e d  tumour 
c e l l s  i n  th e  r e s id u a l  th ic k e n in g  or n o d u la r i ty  which 
o f te n  p e r s i s te d  a t  th e  s i t e  of re g re s se d  C^H mammary 
tum ours, even a t  tim e s  g re a te r  th an  110 d a y s . These 
r e s id u a l  n o d u la r i t i e s  were not fo llow ed  by lo c a l  
re c u rre n c e  and tum our c e l l s  from them f a i l e d  t o  grow 
tum ours on t r a n s p la n t a t io n .  T his in d ic a te d  th a t  th e  
p e r s is te n c e  o f h i s to lo g ic a l ly  in ta c t  c e l l s  in  i r r a d i a t e d  
t i s s u e ,  i n  no way r e la t e d  to  re  growth o f tum ours.
In  th e  p re se n t s tu d y , any tumour which showed minimal or 
p a r t i a l  r e g re s s io n  e v e n tu a lly  grew to  a  la rg e  s iz e ,  
i r r e s p e c t iv e  of th e  dose; w hile th o se  t h a t  re g re s s e d  
com pletely , fo llo w ed  th e  same p a t te r n  and r a t e  o f 
r e g re s s io n  a f t e r  non—c u ra tiv e  and c u ra tiv e  doses o f 
X -rays alone and in  com bination w ith  M iso n id azo le . The 
h i s to lo g ic a l  appearance o f th e se  re g re s s e d  tum ours was 
a lso  s im i la r  d u rin g  th e  p e rio d  of r e g r e s s io n .  C e r ta in ly , 
i t  was im p o ssib le  t o  p re d ic t  th e  u lt im a te  f a t e  of th e  
tum ours from b o th  th e  c h a r a c te r i s t i c  p a t te r n  of tumour 
r e g re s s io n  and th e  h i s to lo g ic a l  appearance . On th e  o th e r  
hand, th e  com plete r e g re s s io n  s ta tu s  fo llo w in g  
i r r a d i a t i o n  was a s s o c ia te d  w ith  lo c a l  c o n tro l  of th e
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tum ours, bu t w ith in  a  c e r ta in  r e la t io n s h ip  which 
suggested  a  h igh  p r o b a b i l i ty  o f lo c a l  c o n tro l w ith  any 
tre a tm e n t, once an in c id e n ce  o f complete re g re s s io n  o f 
more th a n  60 p e r cen t i s  reached  ( s e c tio n  3 .6 ) .
As t h i s  r e la t io n s h ip  can p re d ic t  th e  u lt im a te  lo c a l  
c o n tro l o f th e  tum ours, i t  can be used as an e a r ly  end 
p o in t f o r  th e  lo c a l  c o n tro l  experim ents, in s te a d  of 
100 days ( s e c t io n  3 .3 * 1 ) . T h is would sh o rte n  th e  p e rio d  
o f exp erim en ta l work.
I f  o th e r tum ours in c lu d in g  human ones, fo llo w  a  s im ila r  
r e la t io n s h ip ,  th e  outcome o f X—ra y  tre a tm e n t can be 
p re d ic te d  a t an e a r ly  tim e w ith  re sp e c t t o  th e  observed 
in c id e n c e s  o f com plete tumour re g re s s io n  fo llo w in g  such 
tr e a tm e n t .
4*5 The D elay i n  Growth Method:
T h is  method has been used  e x te n s iv e ly  in  ra d io b io lo g y  
fo r  th e  s tu d ie s  o f th e  oxygen e f fe c t  (8 ,8 8 ) ; n eu tro n  
r a d ia t io n  ( 126, 266, 267, 268) , reco v ery  phenomenon ( l4 7 , 
170, 171) and th e  hypoxic c e l l  r a d io s e n s i t i z e r s  (131,133, 
135, 269, 174, 201) .  I t  h a s  th e  fo llo w in g  ad v an tag es:—
1 — The response  i s  b e in g  measured in  s i t u ,  w ithou t
rem oving th e  c e l l s  t o  a  d i f f e r e n t  environm ent as in  
v ivo—v i t r o  s tu d ie s  (13 3 ,1 4 1 ,2 6 9 ). The immediate 
p o s t—i r r a d i a t i o n  environm ent seems t o  p lay  an 
im p o rtan t r o le  in  th e  f a te  of i r r a d ia t e d  tumour c e l l s  
in  v iv o .
2 — I t  i s  a s u i ta b le  method to  s tudy  th e  tumour response
118
a t low doses of r a d ia t io n  and tum ours r e c u r r in g  
a f t e r  h igh  doses o f r a d ia t io n .
3 — I t  r e q u ire s  a  reaso n ab ly  sh o rt o b se rv a tio n  p e rio d ,
w ith  r e l a t i v e l y  r a p id ly  o b ta in a b le  r e s u l t s .  T his 
i s  of sp e c ia l  im portance f o r  th e  s tu d y  of 
m e ta s ta s iz in g  tumours which sh o rte n  th e  l i f e  span 
of th e  anim als be fo re  lo c a l  c o n tro l (c u re )  of th e  
tum ours by i r r a d i a t i o n .
4 — I t  i s  re le v a n t t o  th e  c l i n i c a l  s i tu a t io n s ,  i . e .
p a l l i a t i v e  ra d io th e ra p y  where th e  lo c a l  c o n tro l of 
th e ' tum ours i s  not in ten d ed  and in  th e  s tu d y  o f 
new methods o f cancer tre a tm e n t as i s  th e  case w ith  
th e  hypoxic c e l l  r a d io s e n s i t i z e r s  ( s e c t io n  1 .1 2 .5 ) .  
V arious methods have been used f o r  th e  c o n s tru c tio n  and 
th e  m athem atical a n a ly s is  of th e  dose—resp o n se  curves 
f o r  th e  d e la y  in  grow th. Thomlinson and Craddock (88) 
p lo t te d  th e  a b so lu te  tim e of d e lay  in  growth a g a in s t th e  
d o se . H ew lett e t  a l .  (268) used th e  " r e la t iv e  d e lay "  
d e fin e d  as th e  r a t i o  of tim es fo r  i r r a d i a t e d  and 
non—ir r a d i a t e d  (c o n tro l)  tum ours t o  grow to  an a r b i ta r y  
s i z e .  Denekamp and H a rr is  (2 0 l) ex p ressed  th e  d e lay  in  
growth in  term s o f c e l l  doubling  needed to  r e s to r e  th e  
tumour to  i t s  o r ig in a l  s iz e  a t i r r a d i a t i o n .  Barendsen 
and B roerse (141) s u b s tra c te d  th e  d o u b lin g  tim e o f 
non—ir r a d i a t e d  tum ours from th e  tim e in te r v a l  f o r  tum ours 
to  regrow to  double th e  volume a t i r r a d i a t i o n .
In  a  v a r ie ty  of experim en tal tum ours, th e  curve o b ta in ed  
f o r  X—ra y s , under a i r  b re a th in g  c o n d itio n s  shows a
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b ip h a s ic  p a t te r n  in  a  s im ila r  way to  th e  s u rv iv a l curves 
o f a  mixed p o p u la tio n  of ox ic  and anoxic c e l l s  (108,109, 
n o ) . T h is  i s  su g g es tiv e  of th e  p resence  o f a 
s ig n i f ic a n t  p ro p o r tio n  of hypoxic c e l l s  i n  th e  tum our, 
which dom inate th e  resp o n se  a f t e r  th e  b reak  p o in t ,  
le a d in g  to  a  smooth and l e s s  s te e p  upper p a r t  o f th e  
c u rv e . T h is  b ip h a s ic  n a tu re  of th e  curve d isa p p e a rs  
w ith  h y p e rb a ric  oxygen (88 ); hypoxic c e l l  
r a d io s e n s i t i z e r s  (131); n eu tro n  r a d ia t io n  ( 110, 171, 266, 
267) and f r a c t io n a te d  i r r a d i a t i o n  (17O ,I7I ) ,  due to  
reduced  e f f e c t  of hypoxia in  th e  tum ours as ev idenced  by 
s tee p e n in g  o f th e  shallow er upper p a r t  o f th e  cu rv e .
The b ip h a s ic  n a tu re  d isa p p e a rs  a lso  w ith  i r r a d i a t i o n  
under anoxic  c o n d itio n , where th e  low er dose re g io n  of 
th e  curve becomes as shallow  as th e  upper p a r t  of th e  
h ig h e r  dose re g io n , due to  th e  uniform  hypoxic s t a t e  of 
a l l  tumour c e l l s .
For e s tim a tio n  of c e l l  k i l l  and th e  p ro p o r tio n  of th e  
hypoxic c e l l s  from th e se  cu rves, i t  i s  u s u a l ly  assumed 
th a t  th e  d e lay  in  growth, i s  a  consequence, m ainly  of 
c e l l  k i l l i n g  and th e  f r a c t io n  of su rv iv in g  c lonogen ic  
c e l l s  ( 88 , 201) .  However, s e v e ra l w orkers (88 ,131 ,270 , 
271) have drawn a t te n t io n  to  th e  p o s s i b i l i t y  of in c o r re c t  
co n c lu s io n s  based  on such assum ption, and ig n o r in g  th e  
o th e r  f a c to r s  which may d r a s t i c a l l y  m odify th e  growth of 
r e c u r re n t  tum ours. T h is has been confirm ed in  th e  
p re se n t work (see  below ).
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4 .6  The Growth of R ecurren t Tumours;
The tim e  d i s t r ib u t io n  and grow th o f  r e c u r r e n t  tumours 
w ould depend, n ot o n ly  on th e  p r o l i f e r a t io n  k i n e t i c s  o f  
th e  s u r v iv in g  tumour c e l l s  but a l s o  on s e v e r a l  o th er  
f a c t o r s  as th o s e  m entioned f o r  th e  grow th o f  non— 
ir r a d ia t e d  tumours ( s e c t io n  1 . 2 ) .  However, th e y  would 
be m o d ified  and a l t e r e d  by ir r a d ia t io n ;  a s i t u a t io n  
w hich c o n fu se s  even  fu r th e r  our l im it e d  know ledge  
co n c e rn in g  th e  grow th k i n e t i c s  o f  r e c u r r e n t  tu m ou rs.
The r a te  o f  growth o f  t h e s e  r e c u r r e n c e s , i n  a  v a r ie t y  o f  
anim al tum ours, v a r ie d  from  a  r a te  s im i la r  t o  th a t  o f  
non—ir r a d ia t e d  tum ours t o  a s lo w er  r a t e ,  even  a f t e r  th e  
same d ose  o f  r a d ia t io n  ( 8 5 ,8 8 ,1 4 1 ,1 4 8 ,1 7 3 ) .  S e v e r a l in  
v i t r o  and v iv o  s t u d ie s  have su g g e s te d  ch an ges i n  th e  
p r o l i f e r a t io n  k i n e t i c s  and p o s s ib ly  i n t r i n s i c  a l t e r a t io n s  
i n  th e  s u r v iv in g  tumour c e l l s  f o l lo w in g  i r r a d ia t io n  
( 21 , 149 , 272, 273 , 274) .  R a d ia t io n  a l s o  p rod u ces  
h is t o p a t h o lg ic a l  changes i n  th e  norm al t i s s u e s  
( e s p e c i a l l y  v a s c u la r  strom a) in  w hich th e  tumour i s  
grow ing ( s e c t io n s  1 .6 ,  I . 7 ) .  Most w orkers b e l ie v e  th a t  
t h e s e  c e l l u la r  and tumour bed changes w ould d e la y  th e  
appearance and r e s t r a in  t h e  grow th o f  r e c u r r e n c e s , more 
th a n  would be e x p e c te d  on th e  b a s i s  o f  th e  d e c r e a s in g  
number o f  s u r v iv in g  c e l l s .
In  th e  p r e sen t work, t h e r e  was a d e f i n i t e  growth  
r e s t r a in t  o f  r e cu rr e n t tum ours. Most o f  t h i s  growth  
r e ta r d a t io n  occu rred  d u r in g  th e  e a r ly  p e r io d  o f  grow th, 
u n t i l  th e  tum ours grew up and beyond th e  s i z e  at
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i r r a d i a t i o n  (6 i  1 mm mean d iam eter) • T h e re a f te r ,  
growth g ra d u a lly  steepened  tow ards th a t  o f non— 
i r r a d ia t e d  tum ours, an o b se rv a tio n  s im i la r  t o  th a t  of 
Thomlinson fo r  fib ro sa rco m a RIB^ ( 8 ) .
The normal growth of tum ours o b ta in ed  by t r a n s p la n ta t io n  
o f a c e l l  suspension  from re c u r re n t  tum ours ( s e c t io n  
3 . 4) has suggested  a tumour bed e f f e c t ,  r a th e r  th a n  a 
r a d ia t io n  induced i n t r i n s i c  c e l l u l a r  d e f e c t ,  as a  cause 
fo r  th e  observed growth r e s t r a i n t .
The magnitude of t h i s  tumour bed e f f e c t  was d i f f i c u l t  to  
measure from th e  growth s tu d ie s  o f r e c u r re n t  tum ours fo r  
th e  fo llo w in g  re a so n s :—
1 — I t  was p o s s ib le , only , t o  measure th e  r a t e  of growth 
d u rin g  th e  l a t e  and more p re d ic ta b le  p e r io d  of 
grow th. However, t h i s  p e rio d  might no t re p re se n t 
th e  maximum tumour bed e f f e c t  due t o  th e  p o s s ib i l i t y  
o f r e v a s c u la r iz a t io n  from th e  l e s s  damaged p e rip h e ry  
o f th e  tumour bed . The r a t e  of growth d u rin g  t h i s  
p e rio d  was no t s ig n i f i c a n t ly  d i f f e r e n t  from th a t  o f 
non—ir r a d ia te d  tum ours a f t e r  a  s in g le  dose of 50 Qy, 
w hile  i t  was s t i l l  s ig n i f i c a n t ly  slow er a f t e r  h i ^ e r  
d o ses . T h is might be due to  th e  re d u c tio n  in  th e  
r e l a t i v e  volume of v ia b le  tumour t i s s u e ,  seen on 
h i s to lo g ic a l  s tu d ie s  ( s e c t io n  3 .1 2 .4 ) and p o s s ib ly  a 
decreased  r a te  of c e l l  d iv is io n .  The l a t t e r  was 
suggested  by th e  narrow  zones of r e c e n t  n e c ro s is  in  
re c u r re n t  tum ours, in  com parison w ith  non—ir r a d ia te d  
tum ours.
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2 — The growth of re c u rre n t tum ours a f t e r  com plete or
incom plete  re g re s s io n  was v e ry  slow and in c o n s i s ta n t .  
T h is  le d  to  d i f f i c u l t i e s  in  p erfo rm ing  th e  growth 
a n a ly s is  (used  in  t a b le  3 .11) fo r  th e  e a r ly  p e rio d  
o f growth and in  id e n t i fy in g  th e  second wave of 
d e lay  in  growth observed by some w orkers in  o th e r  
tumour system s (8 8 ,1 3 0 ).
3 — The e x is te n c e  o f a tumour bed e f f e c t  d u rin g  th e
re g re s s io n  and th e  s u b c l in ic a l  p e r io d s  o f i r r a d ia te d  
tum ours could not be deduced from th e  growth s tu d ie s  
o f r e c u r re n t  tum ours.
In  an attem pt to  id e n t i f y  and measure th e  tumour 
bed e f f e c t  fo r  re c u rre n t tum ours, t r a n s p la n ta t io n  
was perform ed a t th e  s i t e s  of p re v io u s ly  cured 
tum ours and at p re—ir r a d ia te d  s i t e s .  At th e  cured 
s i t e s ,  r e ta r d a t io n  of growth was e v id e n t , only  
d u rin g  a l im ite d  p e rio d  of grow th, nam ely, th e  e a r ly  
p e r io d  o f grow th. N e ith e r th e  l a t e n t  p e r io d , nor 
th e  l a t e  p e rio d  of growth were s ig n i f i c a n t ly  
d i f f e r e n t  from th o se  of non—i r r a d i a t e d  tum ours 
( ta b le s  3 .10 , 3 .1 2 ) . On th e  o th e r  hand, tumour 
growth a t  th e  p re—ir r a d ia te d  s i t e s  was s ig n i f ic a n t ly  
r e s t r a in e d  d u rin g  th e  l a t e n t  p e rio d  and b o th  th e  
e a r ly  and l a t e  p e rio d s  of grow th.
The d is c re p a n c ie s  between th e  r e s u l t s  a t  th e  cured 
and p re—i r r a d i a t e d  s i t e s  would sug g est s t r u c tu r a l  
an d /o r fu n c tio n a l d if f e r e n c e s  a t th è s e  s i t e s .  These 
might be d if fe re n c e s  in  th e  r a d ia t io n  re sp o n se  of
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v a s c u la r i ty  a lre a d y  e x is t in g  a t th e  tim e of tumour 
i r r a d ia t io n  and. th a t  of non—stim ulated , v a s c u la r i ty  a t 
th e  pre—ir r a d ia te d  s i t e s .
Tumour growth a t th e  cured s i t e s  was expected  to  be 
s im ila r  i n  many a sp e c ts  to  t h a t  o f r e c u r re n t  tum ours. 
However, th e  r a t e  o f growth o f tum ours r e c u r r in g  a f t e r  
complete r e g re s s io n  was much slow er th a n  th a t  of 
tumours tra n s p la n te d  a t  th e  cured  s i t e s .  The tim e 
tak en  by th e  l a t t e r  t o  grow from 3 to  10 mm was n e a r ly  
h a l f  th a t  of r e c u r re n t  tum ours ( ta b le  3 .1 3 )•
The p re sen t s tu d ie s  have confirm ed th e  e x is ten c e  of a 
tumour bed e f f e c t ;  th e  m agnitude o f which a t v a rio u s  
p e rio d s  of growth can be m easured f o r  bo th  th e  cured 
and th e  p re—i r r a d i a t e d  s i t e s .  However, th e  r e s u l t s  
ob tained  w ith  t h e i r  d is c re p a n c ie s  p o in t to  th e  need 
f o r  f u r th e r  s tu d ie s  b e fo re  a  p o s s ib le  e x tra p o la t io n  to  
th e  s i tu a t io n  o f re c u r re n t  tum ours. H is to lo g ic a l  
s tu d ie s  of r e c u r re n t  tum ours, sm a lle r  th a n  those  
examined in  t h i s  work, might re v e a l a  s t r u c tu r a l  
o rg a n iz a tio n  s im ila r  t o  th a t  i n  p la te  3 .4 *  T his would 
be th e  case i f  th e re  i s  d e la y  an d /o r impairm ent of 
re v a s c u la r iz a t io n  o f th e s e  tum ours. A growth s im ila r  
t o  th a t  of re c u r re n t  tumours m i ^ t  have been ob ta ined  a t 
th e  cured s i t e s ,  i f  few er tumour c e l l s  ( l e s s  th a n  10^ 
c e l l s )  were used f o r  t r a n s p la n t a t io n .  T his would need 
to  be confirm ed by a d i lu t io n  a ssay , u s in g  v a rio u s  
c o n ce n tra tio n s  of tumour c e l l  su spension  fo r  
t r a n s p la n ta t io n .
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I t  i s  i n t e r e s t in g  to  n o te  th a t  th e  r a t e  of growth d u rin g  
th e  e a r ly  p e rio d  a t bo th  th e  cured  and p re —ir r a d ia te d  
s i t e s  was approx im ately  h a l f  th a t  of non—ir r a d ia te d  
tumours ( ta b le  3 .H ) ,  a s im ila r  f in d in g  to  th a t  of 
Hewitt and Black (95)* F urtherm ore, th e  p re sen t work 
has a lso  confirm ed th e se  w orkers view th a t  th e  tumour 
bed e f f e c t  i s  no t an im p o rtan t f a c to r  f o r  e ra d ic a tio n  
o f tum ours. H eav ily  i r r a d i a t e d  t i s s u e  seems capable of 
su p p o rtin g  th e  growth o f t r a n s p la n te d  tum ours and would 
a lso  support th e  growth of r e c u r re n t  tum ours, though 
tumour growth would be slow, a  b e n e f ic ia l  e f f e c t  fo r  
p a l l i a t i v e  ra d io th e ra p y .
4 «7 Recovery from S u b le th a l Damage:
Two f r a c t io n  experim ents were designed  in  t h i s  work, in  
an attem pt to  s tudy  th e  re c o v ery  c a p a c ity  from su b le th a l 
damage of th e  few, p ro b ab ly  hypoxic c lonogenic  tumour 
c e l l s  which determ ine re c u rre n c e  or cure of i r r a d ia te d  
tum ours. For such an a tte m p t, th e  t o t a l  dose and th e  
expected  eq u iv a len t ' doses should  be on th e  ex p o n en tia l 
p a r t  of th e  dose resp o n se  cu rv e . Furtherm ore, th e se  
doses and th e  i n i t i a l  f r a c t io n s  should  induce th e  
maximum tumour bed e f f e c t  ( s e c t io n  1 .7 )*  T h is would 
h o p e fu lly , m inim ize any in f lu e n c e  of v a r ia t io n s  in  
magnitude of th e  tumour bed e f f e c t  on th e  r e s u l t s  of 
d e lay  in  grow th. A 70 Gy t o t a l  dose and i n i t i a l  
f r a c t io n s  not l e s s  th a n  20 Gy seemed to  be s u i ta b le  fo r  
such an a ttem p t.
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The a n a ly s is  o f th e  r e s u l t s  o f th e se  experim ents 
( s e c tio n  3*5) showed la rg e  v a lu es  and an apparen t
El kind p a t te r n  (peaks and t r o u g h s ) , u s in g  th e  d a ta  of 
d e lay  in  grow th. T h is  was i n  c o n tra s t  to  sm all 
v a lu es  and an absence of E lk in d  p a t te r n ,  u s in g  th e  d a ta  
o f lo c a l  c o n tro l .  The re a so n s  f o r  th e se  d isc re p a n c ie s  
are  no t c le a r ,  bu t two e x p la n a tio n s  are  put fo rw ard :—
1 — R ecurren t Tumours D if f e r  in  Some Way from th e  
Cured Ones;
I t  i s  p o s s ib le  t h a t  th e  c e l l s  which su rv ived  th e  
i n i t i a l  doses are  c r i t i c a l l y  hypoxic, out of cy cle  
and have a r e l a t i v e l y  low reco v ery  c a p a c ity  from 
su b le th a l damage. Such c e l l s  do e x is t  i n  tum ours 
( s e c t io n  1 .8 ) .  In  cu red  tum ours, th e se  c e l l s  might 
rem ain in  a  hypoxic s t a t e  in  th e  in te r v a l s  between 
f r a c t io n s ,  hence th e  low Dg— val ue  and th e  absence 
of E lk ind  p a t t e r n .  On th e  o th e r hand, an immediate 
improvement o f th e  oxygenation  s ta tu s  o f th e se  c e l l s  
in  r e c u r re n t  tum ours would improve th e ir ,  recovery  
from s u b le th a l  damage and s tim u la te  c e l l  d iv is io n , 
hence a  h igh  D^ — va l ue  and E lk ind  p a t te r n  can be 
exp ec ted . However, such reo x y g en atio n  would reduce 
reco v ery  from p o te n t i a l l y  l e th a l  damage which i s  
more e f f i c i e n t  i n  hypoxic , non—c y c lic  c e l l s  ( s e c tio n  
1 .8).
T his e x p la n a tio n  i s  s im ila r  to  th e  su g g estio n  put 
forw ard by H all ( l6 6 )  f o r  s p l i t  dose experim ents in  
tum ours and th e  e x p la n a tio n  m entioned in  s e c tio n
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4*3 f o r  th e  h i s to lo g ic a l  appearance o f i r r a d ia t e d  
tum ours.
2 — The D ata o f D elay in  Growth R e f lec t M ainly Recovery 
of Normal T is su e s  (Tumour Bed) and Not That of 
Tumour C e lls :
The f lu c tu a t io n s  in  D^—D  ^ v a lu es  would i n  t h i s  case , 
r e f l e c t  th e  m agnitude o f re s id u a l  damage of th e  
tumour bed, e s p e c ia l ly  th a t  of th e  b lood v e s s e ls .  
R ecu rren t tum ours would grow f a s t e r  w ith  l e s s  
v a sc u la r  damage, hence a  la rg e r  D^D^ v a lu e  i s  
o b ta in ed  and v ic e  v e rs a  w ith  g re a te r  v a sc u la r  damage. 
A ccep ting  such e x p la n a tio n , th e  d a ta  of lo c a l  c o n tro l 
and no t th a t  o f d e la y  in  growth should  be used f o r  
e s tim a tio n  of re c o v e ry  in  tum ours. T his means th a t  
a l l  th e  p u b lish e d  r e p o r ts  u s in g  th e  d a ta  o f d e lay  in  
growth f o r  such reco v ery  may be ambiguous. 
F urtherm ore , v a r ia t io n s  in  th e  magnitude o f th e  
tumour bed e f f e c t  can be expected up to  70 Gy and 
not about 20 Qy as m entioned in  S ec tio n  1.7*
F u r th e r  s tu d ie s  a re  needed to  confirm  or d isp u te  th e  
above e x p la n a tio n s , u s in g  tumour system s where th e  
a n a ly s is  of b o th  th e  tumour lo c a l  c o n tro l and th e  d e la y  
in  growth can be compared.
As m entioned in  s e c t io n  1 .11 , accu ra te  e s tim a tio n  of 
reco v e ry  in  tum ours i s  d i f f i c u l t  and com plicated  due 
to  th e  in t e r a c t io n  of v a rio u s  r a d io b io lo g ic a l  p ro c e sse s  
d u rin g  th e  i n t e r v a l s  between f r a c t io n s .  T his was a lso  
th e  case in  th e  p re se n t tum our, e s p e c ia l ly  w ith  th e
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d is c re p a n c ie s  found "between th e  d a ta  of lo c a l  tumour 
c o n tro l and th o se  o f d e la y  in  grow th.
The p a t te r n  and r a t e  o f tumour re g re s s io n  were s im ila r  
f o r  "both s in g le  and s p l i t  dose experim en ts, w ith  no 
re g re s s io n  d u rin g  th e  in te r v a l  "between f r a c t i o n s .  These 
and th e  p o s i t iv e  v a lu e s  suggest th a t  reo x y g en atio n
p lay s  a  minimal r o le  in  th e  p re sen t tumour (see  s e c tio n  
1 , 11) ,  The a p p a re n tly  hypoxic s ta tu s  o f th e  tumour i s  
suggested  "by th e  s in g le  dose experim ents ( s e c t io n  3 ,3 ,3 )  
and th e  h i s to lo g ic a l  s t r u c tu r e  of th e  tumour ( s e c tio n
3 .1 2 .2),
Both th e  a p p a re n tly  hypoxic n a tu re  of th e  tumour and th e  
minimal r o le  o f reo x y g en a tio n  would suggest th a t  th e  
^2**^1 o"btained i n  th e  s p l i t  dose experim ents a re
v a lu e s  f o r  hypoxic tum our c e l l s .  When comparing th e  
r e s u l t s  o"btained in  t h i s  work, w ith  th o se  f o r  o th e r 
tum ours, i t  i s  im p o rtan t t o  c o rre c t f o r  th e  OER of 
hypoxic c e l l s ;  th e  l a t t e r  i s  no t known fo r  c e r ta in  in  
th e  p re se n t tum our. However, i f  a  c o r re c t io n  fo r  OER 
i s  a p p lic a b le  t o  th e s e  reco v ery  d a ta , th e n  assuming a 
value  of 2 .8 , a s  th a t  used  "by P h i l l i p s  (l75 )»  a, Dg— 
"between 3 and 4 Gy would "be o b ta ined  which i s  s im ila r  to  
th e  range of 2 t o  4 Qy quoted by P h i l l i p s  f o r  two tumour 
ty p e s , sarcom as and mammary carcinom as,
4 .8  The H ypoxic C e l l  R a d io s e n s i t i z e r ,  M iso n id az o le ;
L oca l f a i l u r e  i s  u n f o r tu n a te ly ,  s t i l l  common i n  r a d i a t i o n  
t re a tm e n t o f m a lig n a n t d i s e a s e .  S u b s ta n t i a l  num bers o f
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p a t ie n ts  who d ie  a n n u a lly  of cancer, do so w ith  
u n c o n tro lle d  p rim ary  tum our. The r e l a t i v e l y  
r a d io r e s i s ta n t  hypoxic  c e l l s  ( s e c t io n  1 .8 )  b e lie v e d  to  
e x is t  i n  tum ours a re  re g a rd ed  as an im p o rtan t reaso n  
f o r  lo c a l  f a i l u r e  a f t e r  ra d io th e ra p y . In  th e  p a s t few 
y e a rs , a p p re c ia b le  s e n s i t i z a t io n  of th e se  c e l l s  h as been 
dem onstrated  in  many ty p e s  of anim al s o l id  tum ours, 
t r e a te d  by I^ ison idazo le  p r io r  to  i r r a d i a t i o n  ( s e c t io n  
1 . 12 . 5)* T h is  h a s  a ls o  been confirm ed in  th e  p re sen t 
tumour system  where an enhancement r a t i o  a s  h ig h  a s  two 
was ach iev ed . In  th e  p resence  o f M so n id a z o le , on ly  
h a l f  th e  r a d ia t io n  dose was re q u ire d  to  produce th e  
same r a d io b io lo g ic a l  e f f e c t  ( lo c a l  tumour c o n tro l and 
d e lay  in  grow th) as t h a t  produced in  th e  absence o f th e  
d ru g . P o te n t i a l l y ,  th e r e f o r e ,  M isonidazole i s  a  
v a lu ab le  d rug  and o f f e r s  an improvement i n  b o th  c u ra tiv e  
and p a l l i a t i v e  ra d io th e ra p y . The drug, however, was 
used  in  th e  p re s e n t work, m ainly to  u n d e rs tan d  th e  g ro ss  
response  of th e  tum ours fo llo w in g  i r r a d i a t i o n .  I t  was 
p o s s ib le  in  th e  p re sen ce  o f M isonidazole t o  depopu late  
th e  tum ours by r e l a t i v e l y  low doses o f r a d ia t io n  and to  
re v e a l th e  e x is te n c e  of th e  c h a r a c te r i s t i c  p a t te r n  o f 
tumour re g re s s io n  a t  such d o ses . Furtherm ore, th e  s i t e s  
of p re v io u s ly  cured  tum ours by X—ra y s  in  th e  p resence  and 
absence o f M isonidazo le  were used to  s tu d y  th e  
p o s s i b i l i t y  of grow th r e s t r a i n t  over a wide range of 
r a d ia t io n  d o ses .
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4 «9 The Immune S ta tu s  o f th e  Tumour System;
A lthough h o s t r e s i s ta n c e  a g a in s t tumours i s  complex and 
f a r  from c le a r ,  c e l l  m ediated  immunity i s  g e n e ra lly  
"believed to  he an im p o rtan t f a c to r  i n  su p p re ss io n  of 
tumour growth (2 7 5 ,2?6) .  In  th e  p re sen t tum our, 
tem porary  c e l l u l a r  r e a c t io n ,  m ainly of f ib r o b la s t s  and 
lym phocytes was observed  on h is to lo g ic a l  s tu d ie s  of 
sm all tum ours ( s e c t io n  3 .1 2 .2 ) ,  T h is  m i ^ t  in d ic a te  a  
tem porary  immune r e a c t io n  a t  an e a r ly  phase o f growth 
when th e  number of tumour c e l l s  i s  r e l a t i v e l y  sm a ll. 
However, such immunity seems to  be n e g l ig ib le  fo r  th e  
fo llo w in g  re a s o n s :—
1 — The v a r ia t io n s  i n  pe rcen tag e  tumour ta k e  d u rin g
th e  t r a n s p la n t a t io n  p e rio d  can be t r a c e d  to  
te c h n ic a l  d i f f i c u l t i e s .
2 — C onstant p a t te r n  o f b io lo g ic a l  behav iour o f th e
tumour s in c e  th e  s t a r t  of th e  r a d io b io lo g ic a l  
s tu d ie s  in  1975.
3 — No r e g re s s io n  o f e s ta b lis h e d  tum ours has been
seen  a t  any tim e 
and 4 — The use o f WHk p o s i t iv e  C^H mice fo r
t r a n s p la n ta t io n  where immunity i s  u n l ik e ly  to  
occur ( s e c t io n  1 . 4) .
W hile tumour im m unogenicity seemed im probable, th e  
d ep ressed  resp o n se  of lym phocytes to  phy tohaem agg lu tin in  
has su g gested  su p p re ss io n  o f th e  immune re sp o n se . T h is  
appeared t o  be secondary  to  th e  p resence  of th e  tum ours 
r a th e r  th a n  a p rim ary  e v en t; a  s i tu a t io n  d e sc rib e d
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i n  human m alignancy, p a r t i c u l a r ly  in  advanced d ise a se  
( 277, 278) .  T h is  has a ls o  been confirm ed by th e  reco v ery  
o f th e  lymphocyte response  in  th e  cured  mice to  a  le v e l ,  
no t s ig n i f i c a n t ly  d i f f e r e n t  from th a t  o f mice b e a r in g  
no tum ours.
The im paired  r e a c t i v i t y  o f lym phocytes and th e  prom otion 
of tumour growth in  immunized mice a re  d is tu rb in g  
o b se rv a tio n s  due to  th e  p o s s i b i l i t y  o f them o c c u rr in g  in  
cancer p a t ie n ts  when im m unization i s  a tte m p ted . 
Furtherm ore, i t  poses th e  q u e s tio n  of w hether 
immunodépression i s  as  im p o rtan t as im m unostim ulation in  
m odifying tumour growth and p o s s ib ly  i t s  c u r a b i l i t y .
There i s ,  however, a  p o s s i b i l i t y  th a t  th e  mechanisms 
behind  th e  in h ib i t io n  of lymphocyte re sp o n se  m ight d i f f e r  
from th o se  re sp o n s ib le  fo r  prom otion o f tum our grow th. 
T h is  w arran ts  fuxdher s tu d ie s  in  non—immunized mice, 
where th e  im paired  r e a c t i v i t y  o f lym phocytes was 
observed only  when th e  tum ours became p a lp a b le  and f e l l  
t o  th e  same low le v e l  fo r  mice b e a r in g  spontaneous C^H 
mammary tum ours and th o se  immunized w ith  l e t h a l l y  
i r r a d i a t e d  c e l l s .
4 .10  D iffe re n c e s  Between F i r s t  and M u ltip le  G enera tion  C^H 
Mammary Carcinoma:
F i r s t  g e n e ra tio n  t r a n s p la n ts  o f spontaneous C^H mouse 
mammary carcinom a have been used e x te n s iv e ly  f o r  
r a d io b io lo g ic a l  in v e s t ig a t io n s  a t th e  Gray L ab o ra to ry  
( 1) .  The m u ltip le  g e n e ra tio n  c o u n te rp a r t of t h i s  tum our,
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d e sc rib e d  in  t h i s  th e s i s ,  was o r ig in a l ly  o b ta in ed  from 
a  spontaneous tumour b e a rin g  C^H mouse from th e  Gray 
L a b o ra to ry . The b io lo g ic a l  p ro p e r t ie s  o f t h i s  tumour 
have d ep a rted  from th o se  o f th e  o r ig in a l  one, due to  
s e r i a l  t r a n s p la n ta t io n .  Hence, i t  was p o s s ib le  to  
compare s e v e ra l  of th e  p ro p e r t ie s  o f bo th  tum ours, 
d e sp ite  d if f e r e n c e s  in  th e  te ch n iq u es  o f t r a n s p la n ta t io n  
and i r r a d i a t i o n .
1 — D iffe re n c e s  i n  Growth and Morphology;
F i r s t  g e n e ra tio n  t r a n s p la n ts  have a wide range of 
d o u b lin g  tim e s  (two to  fo u r te e n  days n ea r th e  s iz e  
a t i r r a d i a t i o n  (6 — 1 mm mean d iam e te r) ( l )  . Most 
o f th e se  tum ours a re  w ell d i f f e r e n t i a t e d  
adenocarcinom a, in  which c o n s id e ra b le  volume i s  
occupied  ty  g lan d u la r d u c ts  and a ls o , f r e q u e n tly , 
la rg e  blood f i l l e d  or empty s in u so id s  ( l7 4 )*  The 
p e rcen tag e  of non—tumour c e l l  m a te r ia l  in  6 and 10 
mm tum ours are  42 — 13^ and 35 — 19^  r e s p e c t iv e ly .  
These h is to lo g ic a l  f in d in g s  a re  s im i la r - to  th o se  of 
e a r ly  g e n e ra tio n  t r a n s p la n ts  o f th e  p re se n t tumour 
( p la te  3 .8 ) .  A fte r n e a r ly  a  y e a r  o f s e r i a l  
t r a n s p la n ta t io n ,  both  th e  r a t e  o f grow th and th e  
h i s to lo g ic a l  s t ru c tu re  have d ep a rted  from th o se  
d e sc r ib e d  f o r  f i r s t  g en e ra tio n  tum ours. The r a t e  o f 
growtli o f m u ltip le  g e n e ra tio n  tum ours i s  more 
p re d ic ta b le  w ith  a  doub ling  tim e of about one day 
n e a r  th e  s iz e  a t i r r a d i a t i o n  (6 — 1 mm mean 
d ia m e te r ) . H is to lo g ic a l ly , th e  tum ours a re
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u n d if f e r e n t ia te d  adenocarcinom a w ith  no uniform  
in tra tu m o u r strom al t i s s u e s  n o r g la n d u la r  d u c ts .  
A nother f e a tu re  i s  th e  ex ten s iv e  n e c r o s is  observed 
in  m u ltip le  g e n e ra tio n  tum ours; t h i s  ap p ears  t o  be 
absent o r minimal i n  f i r s t  g e n e ra tio n .
2 — D iffe re n c e s  in  Tumour R egression  F o llow ing
I r r a d i a t io n :
A fte r  a  s in g le  dose of 1 .5  Gÿ, f i r s t  g e n e ra tio n  
t r a n s p la n t s  re g re sse d  r a p id ly  w ith in  one day 
re a c h in g  app rox im ate ly  50^  of th e  i n i t i a l  volume a t 
seven days ( l3 0 ) .  T h is  p a t te r n  o f r e g re s s io n  i s  
d i f f e r e n t  from th a t  observed f o r  m u ltip le  g e n e ra tio n  
tum ours; no tumour re g re s s io n  was n o tic e d  except 
w ith  s in g le  doses of 50 or more of X—ra y s  a lone  
and 25 Gy or more of X—ra y s  in  com bination  w ith  
M isonidazole and th e n  no t u n t i l  tw e lv e  days a f t e r  
i r r a d i a t i o n .  These d if f e r e n c e s  i n  tum our re g re s s io n  
induced  by s e r i a l  t r a n s p la n ta t io n  may be due to  th e  
changes observed in  th e  h i s to lo g ic a l  s t r u c tu r e ,  mode 
of c e l l  d ea th  an d /o r th e  e f f ic ie n c y  o f th e  
mechanisms re sp o n s ib le  fo r  rem oval of th e  dead c e l l s  
or c e l l  d e b r is .
3 — D iffe re n c e s  i n  th e  Oxygenation S ta tu s  of Both Tumours
Follow ing I r r a d i a t io n :
The p ro ce ss  o f r e  oxygenation ap pears  to  occur e a r ly , 
when th e  tumour sh rin k s  r a p id ly  fo llo w in g  i r r a d i a t i o n  
( s e c tio n  1 .9 )*  Fow ler e t  a l .  (1 ,136 ) showed th a t  
re  oxygénât i  on was th e  most im p o rtan t f a c to r  in
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determ in ing  th e  response  of f i r s t  g e n e ra tio n  C^H 
mammary carcinom a to  f r a c t io n a te d  i r r a d i a t i o n .  In  
th a t  tumour, reo x y g en atio n  co in c id ed  w ith  th e  
re d u c tio n  of th e  tumour volume in  2 t o  3 days a f t e r  
a  s in g le  dose of 1 .5  Qy ( l2 9 ) .  In  th e  m u ltip le  
g en e ra tio n  t r a n s p la n ts ,  used in  th e  p re s e n t work, 
ra p id  re g re s s io n  d id  no t occur as i n  f i r s t  g en e ra tio n  
tum ours. T his might suggest th a t  reo x y g en atio n  i s  
no t an im portan t f a c to r  in  th e  p re s e n t tum our. 
However, t h i s  would need to  he in v e s t ig a te d  by an 
experim ent s im ila r  to  th a t  d e sc r ib e d  by Howes (l2 9 ) 
and Fowler e t  a l .  ( l ) .
4 — D iffe re n c es  in  th e  Recovery C ap ac ity  from S u b le th a l 
Damage in  Both Tumours:
Fowler e t  a l .  ( l )  e s tim a te d  t h i s  re c o v e ry  in  f i r s t  
g e n e ra tio n  tum ours from th e  TCD^^s o f clamped o f f  
tum ours a f t e r  s in g le  doses and two eq u al doses of 
X—ra y s  g iven  a t  an in te r v a l  o f 24 h o u rs . The 
reco v ery  increm ent was found to  be 1 2 .8  Qy in  th e se  
hypoxic tum ours, y ie ld in g  an ox lc  re c o v e ry  increm ent 
of 4*3 to  5*1 Cy, depending on w hether an OER of 
3 .0  or 2 .5  i s  assumed. In  th e  p re se n t m u ltip le  
g en e ra tio n  t r a n s p la n t s ,  a  re co v e ry  increm ent o f 8 .75  
Qy i s  e s tim a te d  from th e  cure d a ta  f o r  a  s in g le  dose 
o f 70 Gy and two equal doses o f 35 Gy each , a t an 
in te r v a l  o f 24 hours ( s e c t io n  3 .5 ) .  As reoxygenation  
appears to  be absen t or i n e f f i c i e n t  i n  th e  p re sen t 
tum our, an ox lc  reco v ery  increm ent o f 2 .9  t o  3 .5  Qy
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would be expec ted , assum ing th e  same OER 
A pparently , re co v e ry  from s u b le th a l  damage seems 
to  be lower i n  m u ltip le  g e n e ra tio n  th a n  f i r s t  
g en e ra tio n  t r a n s p l a n t s .  T h is m ight be due to  th e  
appearance of hypoxic c e l l s  in  th e  m u ltip le  
g e n e ra tio n  tum ours by s e r i a l  t r a n s p la n ta t io n  as 
ev id en t on h i s to lo g ic a l  s tu d ie s  ( s e c t io n  3* 1 2 .2 ). 
These hypoxic c e l l s  a re  l e s s  e f f i c i e n t  in  r e p a ir in g  
th e  su b le th a l damage; hence a  low reco v ery  increm ent 
would be expected  ( s e c t io n  1 .8 ) .
5 — D iffe re n c es  in  th e  TCD^^s of Both Tumours:
When c o n s id e rin g  th e  e f f e c t  o f s e r i a l  t r a n s p la n ta t io n  
on th e  p r o b a b i l i ty  of tumour c o n tro l ,  th e  r e s u l t s 'o f  
i r r a d ia te d  tum ours under hypoxic c o n d itio n s  (clamped) 
have been chosen . T h is i s  to  avo id  th e  p o ss ib le  
d if f e re n c e s  i n  th e  oxygenation  s ta tu s  of th e  two 
tum ours a t th e  tim e of i r r a d i a t i o n  and a lso  th e  
d if f e r e n c e s  in  th e  te c h n iq u e s  o f i r r a d i a t i o n .  The 
average TCD^g a t 1^0 days (hypoxic) f o r  f i r s t  
g e n e ra tio n  t r a n s p la n t s  was found to  be 52.9  Qv ( l ) *  
T his i s  in  c o n tra s t  w ith  65 Gy TGD^^ a t 100 days 
(hypoxic) f o r  m u ltip le  g e n e ra tio n  tum ours, used in  
t h i s  work. That i s  to  say, s e r i a l  t r a n s p la n ta t io n  
has in c re a se d  th e  TGD^^ by 12 ,1  Gy, re n d e rin g  th e  
m u ltip le  g e n e ra tio n  tum ours l e s s  r e a d i ly  cu rab le  
th a n  t h e i r  f i r s t  g e n e ra tio n  c o u n te rp a r ts .
Recovery from s u b le th a l  damage can no t be 
re sp o n s ib le  f o r  such an in c re a s e  i n  th e  TCD^  ^ as
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such reco v ery  seems l e s s  e f f i c i e n t  i n  m u ltip le  
g en e ra tio n  tum ours. However, d if f e r e n c e s  in  
a n t ig e n ic i ty ,  re c o v ery  from p o te n t i a l ly  l e th a l  
damage an d /o r th e  i n t r i n s i c  r a d io s e n s i t i v i t y  of th e  
tumour c lo nogen ic  c e l l s  can n o t he ex c lu d ed .
F u r th e r  e x p lo ra t io n  of th e s e  p o s s i b i l i t i e s  i s  
needed; t h i s  m ight p ro v id e  in s ig h t  in to  th e  
c u r a b i l i ty  o f v a r io u s  tum ours.
6 — S e r ia l  T ra n s p la n ta t io n  and M étas tasés:
Weiss ( 279) a^d M ellg ren  ( 28O) p o in te d  out th e  
p r a c t ic a l  d i f f i c u l t i e s  i n  q u a n t i ta t iv e  e s tim a tio n  o f 
th e  s iz e  and in c id e n c e  o f m é ta s ta sé s  in  bo th  human 
and anim al tum ours. W eiss (279) in  h is  overview of 
th e  b a s ic  mechanisms and f a c to r s  re s p o n s ib le  fo r  
tumour d is se m in a tio n , concluded th a t  every  s te p  of 
th e  m e ta s ta t ic  cascade seems to  be a  h ig h ly  s e le c t iv e  
p ro c e ss . Thus a  v e ry  sm all p ro p o r tio n  o f th e  t o t a l  
c e l l s  in  th e  p rim ary  tumour i s  expected  to  be 
re le a s e d  and su rv iv e  th e  traum a o f d isse m in a tio n , 
a r r e s t  and in te r a c t io n s  w ith  th e  h o s t t i s s u e s .  T his 
low in c id en ce  o f d is se m in a tio n  h a s  been s tre s s e d  in  
anim al tum ours by W allace (2 8 l)  and Kim (2 8 2 ).
Wexler e t  a l .  (45) i n  s tu d ie s  o f 3 chem ica lly  induced 
and 2 spontaneous tum ours found th a t  each tumour has  
i t s  own m alignan t p a t te r n  as de term ined  by i t s  growth 
r a t e  and d i s t a n t  m é ta s ta sé s  and th a t  s e r i a l  
t r a n s p la n ta t io n  has no uniform  e f f e c t  on th e  tendency  
to  form m é ta s ta s é s . W eiss (279) p o in te d  out th a t  th e
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apparent r e l a t i o n  betw een th e  h ig h  growth r a t e  and 
th e  r i s k  o f m é ta s ta sé s , in  bo th  human and anim al 
tum ours, m i ^ t  m erely  in d ic a te  th a t  m é ta sta sés  from 
ra p id ly  growing tum ours would a lso  grow ra p id ly  and 
th u s  be reco g n ized  e a r l ie r *
Sheldon e t  a l .  (283) i n  e x te n s iv e  s tu d ie s  o f lu n g  
m é ta sta sés  from f i r s t  g e n e ra tio n  t r a n s p la n ts  of 
spontaneous mammary carcinom a in  C^H mice, found a 
10 . 9^  ( 23/ 211) in c id e n c e  of lu n g  m é ta sta sés  a f t e r  
c u ra tiv e  ra d io th e ra p y . These in v e s t ig a to r s  
suggested  th a t  th e  peak in  in c id e n ce  of lung  
m é ta s ta sé s  observed between 60 to  90 days a f t e r  
tre a tm e n t, would r e p re s e n t  th e  average tim e from 
seed ing  of th e  c e l l s  t o  grovrth in to  a  v i s ib le  lung  
n o d u le .
The in c id en ce  of lu n g  m é ta s ta sé s  from th e  m u ltip le  
g e n e ra tio n  C^H mammary tum our, used i n  th e  p re se n t 
work was 12^ ( s e c t io n  3 .1 1 ) , n o t s ig n i f ic a n t ly  
d i f f e r e n t  from th a t  o f  th e  f i r s t  g e n e ra tio n  
t r a n s p la n ts  used  by Sheldon e t  a l .  ( 283) .  However, 
th e  peak in  in c id e n ce  i n  th e  p re se n t tumour occurred  
between 25 to  40 days, i . e .  l e s s  th a n  h a l f  th e  tim e 
f o r  th e  peak i n  th e  f i r s t  g e n e ra tio n  t r a n s p la n t s .  
These f in d in g s  would suggest t h a t  s e r i a l  tumour 
t r a n s p la n ta t io n  d id  n o t in c re a s e  th e  tendency  fo r  
lung  m é ta s ta sé s  from C^H mammary tum our. However, 
i t  le d  t o  an e a r l i e r  appearance of m é ta s ta sés , most 
p robab ly  due to  th e  in c re a se d  r a t e  of growth o f th e
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tumour and hence i t s  m é ta s ta sé s  d u rin g  su ccess iv e  
t r a n s p la n ta t io n .
4.11 C onclusions and P o s s ib le  F u tu re  S tu d ie s :
The aim of t h i s  t h e s i s  was to  in v e s t ig a te  th e  b a s ic  
b io lo g ic a l  and r a d io b io lo g ic a l  c h a r a c te r i s t i c s  of th e  
m u ltip le  g e n e ra tio n  C^H mammary adenocarcinom a. T his 
was done to  determ ine  th e  f e a s i b i l i t y  of e s ta b l is h in g  a 
s u i ta b le  s o l id  tumour system  fo r  f u r th e r  r a d io b io lo g ic a l  
and o th e r re s e a rc h  s tu d ie s .
So f a r ,  th e  work p re se n te d  d e sc r ib e s  th e  growth o f th e  
tumour a f t e r  subcutaneous t r a n s p la n ta t io n  u s in g  a c e l l  
suspension  of 10^ tumour c e l l s  and i t s  response  t o  s in g le  
and two f r a c t io n  X—ra y  i r r a d i a t i o n .  The hypoxic c e l l  
r a d io s e n s i t i z e r  *M isonidazole* was used m ainly to  
understand  t h i s  re sp o n se .
Summary of P r in c ip a l  R e s u lts :
1 — The m u ltip le  g e n e ra tio n  C^H mammary carcinom a i s  a 
s u i ta b le  tumour system  fo r  ra d io b io lo g ic a l  s tu d ie s  
fo r  th e  fo llo w in g  re a s o n s :—
i  — I t  i s  a p p a re n tly  f r e e  from immune s tim u la tin g  
a c t i v i t y .
i i  — I t s  grow th i s  s ta b le  and uniform  w ith  n e i th e r  
e r r a t i c  behav iou r nor spontaneous re g re s s io n , 
i i i  — I t s  re sp o n se  t o  r a d ia t io n  tre a tm e n t can be 
assayed  in  a  re a so n a b le  ex p erim en ta l p e rio d  
(100 days) by bo th  d e lay  in  growth and lo c a l
138
c o n tro l m ethods, 
i v  — I t s  low r a t e  of m e ta s ta s is  p e rm its  s tu d ie s  of 
m e ta s ta s is  as a  phenomenon and a lso  a llow s 
th e  ra d io b io lo g ic a l  s tu d ie s  w ithou t excess 
e a r ly  lo s s e s .
V — I t  i s  an e a s i ly  q u a n tif ia b le  model of hypoxic 
n a tu re  and a  h igh  (67 Gy), hence i t  i s
s u i ta b le  f o r  th e  study of m o d a litie s  designed  
to  overcome th e  problem of hypoxia  i . e .  
n e u tro n ; r a d io s e n s i t iz e r s  and h y p e rth e rm ia . 
F urtherm ore , th e  s tu d ie s  o f such a tumour 
would add to  th e  u n d e rs tan d in g  of s im ila r  l e s s  
ra d io re sp o n s iv e  tumours in  human, 
v i — The h o s t s t r a i n  (C^H mouse) i s  ro b u s t and
f e r t i l e  and th e  t r a n s p la n ta t io n  s i t e  a t th e  
dorsum of th e  mouse i s  both  humane and h i ^ l y  
s u i ta b le  f o r  r a d ia t io n  s tu d ie s  w ithou t 
a n a e s th e s ia  and s ig n if ic a n t  dosage to  th e  r e s t  
of th e  an im a l.
2 — The m u ltip le  g e n e ra tio n  C^H mammary carcinom a i s  a  
f a s t  growing tumour w ith  a  su c c e ss fu l ta k e  r a t e  o f 
100 p e r cen t and a  mean la te n c y  of about 9 d ay s .
As growth p ro g re s se s , th e  doub ling  tim e in c re a s e s  
from 0 .5  days a t 2 mm mean d iam eter t o  about 3 days 
a t 10 mm mean d iam eter and th e  r e l a t i v e  volume of 
n e c r o t ic  t i s s u e  in c re a s e s  from 16 .9  — 5 .8  to
4 2 .2  — 7*7 p e r cen t over th e  same s iz e  ran g e . These 
in c re a s e s , most l i k e l y  r e f l e c t  a  p ro g re s s iv e
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inadequacy of th e  blood supply to  support th e  
growing tumour m ass,
3 — In  mouse sk in , th e  blood c a p i l l a r i e s  a re  d i s t r ib u te d
s u p e r f ic ia l  and deep to  th e  parmi c u iu s  carnosus 
m uscle. The deeper p a r t  o f th e  subcutaneous la y e r  
i s  lo o se  and a v asc u la r  connective t i s s u e .  T his 
s t r u c tu r a l  arrangem ent and i t s  d is o rg a n iz a t io n  by 
th e  grow ing tumour mass seems to  determ ine  th e  
p ro c e sse s  of d i f f u s io n  and p e rfu s io n  a t  d i f f e r e n t  
re g io n s  o f th e  tum our, hence i t s  s t r u c tu r a l  
o rg a n iz a tio n  (s ig n e t r in g  ap p earan ce).
4 — The m u ltip le  g e n e ra tio n  C^H mammary carcinom a i s
a p p a re n tly  f r e e  from immune s tim u la tin g  a c t i v i t y  and 
th e re  i s  even su p p ress io n  of th e  immune response  in  
in  tumour b e a r in g  m ice.
The im p a ired  r e a c t i v i t y  o f lym phocytes to  
phyt ohaemagglut in in  and th e  prom otion of tumour 
growth in  immunized mice a re  d is tu rb in g  o b se rv a tio n s  
due to  th e  p o s s i b i l i t y  of them o c c u rr in g  in  cancer 
p a t ie n ts  when im m unization i s  a ttem p ted , •
5 — The p re se n t tumour shows a c h a r a c te r i s t i c  p a t te r n
and r a t e  of re g re s s io n , once s u f f ic ie n t  d ep o p u la tio n  
i s  achieved  w ith  X—ra y  i r r a d i a t i o n ,  a lone  or in  
com bination w ith  M isonidazo le . The tum ours co n tinue  
to  in c re a s e  in  s iz e  f o r  about 2 days, th e n  r e tu r n  
slow ly  to  th e  p re—ir r a d ia te d  s iz e  in  about 12 d ay s . 
T h is i s  fo llo w ed  by a r e l a t i v e l y  f a s t e r  re g re s s io n  
tow ards a  minimal s iz e  in  about 20 days a f t e r
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i r r a d i a t i o n .  The s im ila r  p a t te r n  of r e g re s s io n  
th a t  emerged fo llo w in g  n o n -c u ra tiv e  and c u ra t iv e  
doses o f r a d ia t io n  s tro n g ly  su g g es ts  t h a t  th e  r a t e  
of r e g re s s io n  i s  a  poor in d ic a to r  o f r a d ia t io n  
c u r a b i l i t y .  However, in  com plete ly  re g re s s e d  
tum ours, a  h igh  p r o b a b i l i ty  of lo c a l  c o n tro l i s  
observed  once an in c id en ce  of com plete re g re s s io n  
of more th a n  60 p e r cent i s  a t ta in e d .
6 — F o llow ing  i r r a d i a t i o n ,  massive n e c ro s is  occurs 
tow ards th e  c e n tr a l  p a r t  of th e  tum our, le a v in g  
only  a  t h i n  rim  of tumour c e l l s  a t  th e  p e rip h e ry , 
in  a  s t a t e  of incom plete c e l l  d iv i s io n .  Gradual 
re d u c tio n  and com plete d isappearance  o f t h i s  n e c r o t ic  
m a te r ia l  i s  observed near th e  end o f th e  re g re s s io n  
p e r io d . T h is  h i s to lo g ic a l  appearance, c e r ta in ly  
su g g es ts  t h a t  th e  r a t e  of re g re s s io n  of th e  p re se n t 
tumour r e f l e c t s  m ainly th e  r a t e  o f rem oval o f th e  
doomed c e l l s  and c e l l  d e b r is .  Though c lonogen ic  
c e l l s  cannot be i d e n t i f i e d  on e x c lu s iv e ly  
h i s to lo g ic a l  grounds, n e v e r th e le s s  .th e  h i s to lo g ic a l  
appearance of i r r a d i a t e d  tum ours i s  su g g es tiv e  of a  
b io lo g ic a l  d if f e re n c e  between th e  tumour c e l l s  a t 
th e  p e r ip h e ry  and th o se  elsew here i n  th e  tum our.
T h is  d if f e r e n c e  appears to  m a in ta in  c e l l  d iv is io n  f o r  
a l im ite d  p e rio d  in  th e  tumour c e l l s  form ing th e  
p e r ip h e ra l  r im . However, th e  p o s s i b i l i t y  of 
in d e f in i t e  c e l l  d iv is io n  in  one or more c e l l s  cannot 
be ru le d  o u t, hence tumour re c u r re n c e . I t  i s
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tem p tin g  to  sp ec u la te  th a t  tumour c u r a b i l i ty  i s  
de term ined  by c e r ta in  b io lo g ic a l  c h a r a c te r i s t i c s  
o f such c e l l s  a t th e  tumour p e r ip h e ry .
7 — In  th e  p re se n t work, th e re  i s  a d e f in i t e  growth 
r e s t r a i n t  o f re c u rre n t tumours as a  r e s u l t  o f 
r a d ia t io n  damage to  th e  tumour bed r a th e r  th a n  
an i n t r i n s i c  c e l l u l a r  d e fe c t i n  th e  s u rv iv in g  
tumour c e l l s .  T his tumour bed e f f e c t  would d e lay  
th e  appearance and r e s t r a i n  th e  growth of r e c u r re n t  
more th a n  would be expected  on th e  b a s is  of th e  
d e c re a s in g  number of su rv iv in g  c e l l s  and c le a r ly ,  
i t  should  be considered  in  any a n a ly s is  based on 
th e  growth d e la y . The m agnitude of t h i s  e f f e c t ,  
however was d i f f i c u l t  to  a sse ss  from th e  growth 
s tu d ie s  o f re c u r re n t  tum ours. F urtherm ore , growth 
s tu d ie s  o f t ra n s p la n te d  tum ours a t th e  s i t e s  of 
p re v io u s ly  cured tum ours and a t th e  p re—ir r a d i a t e d  
s i t e s  o ffe re d  only  l im ite d  h e lp  in  t h i s  assessm en t.
The r e s u l t s  ob ta ined  a t th e se  s i t e s  w ith  t h e i r  
d is c re p a n c ie s  p o in ted  t o  th e  need f o r  f u r th e r  s tu d ie s  
t o  de term ine  th e  magnitude of th e  tumour bed e f f e c t  
a t th e  v a r io u s  p e rio d s  of growth of r e c u r r e n t  tum ours. 
T h is  m i ^ t  a lso  h e lp  in  u n d e rs tan d in g  th e  d if f e r e n c e s  
in  th e  r e s u l t s  of th e  two f r a c t io n  experim en ts when 
u s in g  th e  d a ta  of d e lay  in  growth and th o se  of lo c a l  
tumour c o n tro l .
In  th e  p re se n t s tu d ie s , th e re  i s  no ev idence th a t  th e  
tumour bed e f fe c t  i s  an im p o rtan t f a c to r  f o r
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i r r a d ic a t io n  of tum ours. H eav ily  i r r a d ia t e d  t i s s u e  
seems capable of su p p o rtin g  th e  grow th o f 
t ra n s p la n te d  tum ours and would a lso  support th e  
growth of re c u rre n t tum ours, though tumour growth 
would be slow, a  b e n e f ic ia l  e f f e c t  f o r  p a l l i a t i v e  
ra d io th e ra p y .
8 — The ap p rec iab le  s e n s i t i z a t io n  of th e  hypoxic c e l l s
by M isonidazole has been confirm ed in  th e  p re sen t 
tumour system . The TCD^q of non—clamped tum ours i s  
reduced from 67 Gy f o r  X—ra y s  alone t o  31 Gy fo r  
X—ra y s  in  com bination w ith  M ison idazo le , g iv in g  an 
enhancement r a t i o  as h i ^  as two w ith  s in g le  doses 
o f r a d ia t io n .  M isonidazole and o th e r  chem ical 
r a d io s e n s i t iz e r s  seem to  be v a lu a b le  drugs and o f fe r  
an improvement in  bo th  c u ra tiv e  and p a l l i a t i v e  
r a d ia t io n  tre a tm e n t.
9 — The reco v ery  c a p a c ity  from s u b le th a l  damage (sLD)
appears to  be s im ila r  t o  o th e r tumour system s.
However, th e  v a lu es  o b ta ined  u s in g  th e  cure d a ta  
d if f e r e d  from th o se  u s in g  th e  d e la y  in  growth d a ta .
The l a t t e r  a lso  showed th e  E lk ind  p a t te r n  (peaks and 
tro u g h s) c h a r a c te r i s t i c  o f th e  s p l i t  dose 
experim en ts. These o b se rv a tio n s  in d ic a te  th e  cau tio n  
needed in  th e  i n t e r p r e ta t io n  of th e  r e s u l t s  u s in g  
e i th e r  s e t  of d a ta .  T h is  i s  e s p e c ia l ly  t r u e  when 
comparing th e  reco v ery  from SLD of v a rio u s  tum ours.
10 — Comparative a n a ly s is  o f th e  b io lo g ic a l  c h a r a c te r i s t i c s  
o f th e  p re sen t tumour and i t s  f i r s t  g e n e ra tio n
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c o u n te rp a r t, c le a r ly  shows th a t  s e r i a l  
t r a n s p la n ta t io n  h as  le d  to  s e v e ra l  m orphological 
and "b io log ical changes. P ro g re s s io n  tow ards 
c h a ra c te rs  of g r e a te r  v iru le n c e  i s  e v id e n t, 
r e f le c te d  "by th e  a c c e le r a t io n  of grow th and th e  
e a r ly  lo s s e s  of an im als, presuma"bly due to  r a p id ly  
growing m e ta s ta s is .  In  a d d itio n , th e r e  i s  an 
in c re a se  in  th e  degree o f a n a p la s ia ;  th e  p ro p o rtio n  
of n e c ro s is  and th e  TCD^q . These a re  a sso c ia te d  
w ith  a  r e l a t i v e l y  slow er r a t e  of tum our re g re s s io n  
fo llo if in g  i r r a d i a t i o n ,  in  com parison w ith  th a t  of 
th e  f i r s t  g e n e ra tio n  C^H mammary carcinoma#
The mechanisms by which th e se  changes a ro se , s t i l l  
rem ain u n c e r ta in  and r e q u ire  f u r th e r  e x p lo ra tio n . 
T h is would a lso  h e lp  in  u n d e rs tan d in g  th e  com plexity  
and th e  v a r ie ty  of p ro c e sse s  in f lu e n c in g  tumour 
grow th.
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S u g g estions f o r  F u r th e r  Experim ents:
A — Tumour Growth S tu d ies :
S ev e ra l in t e r e s t i n g  o b se rv a tio n s  d eserve  m ention and 
f u r th e r  s tu d ie s , th e se  in c lu d e :
1 — Growth d e c e le ra t io n  as tumour s iz e  in c re a s e s ;
2 — A c c e le ra tio n  of tumour growth in  immunized mice; 
and 3 — Slow r a te  of growth and d i f f e r e n t  h i s to lo g ic a l
appearance of th o se  few tum ours im p lan ted  
a c c id e n ta l ly  a t th e  deeper a v a sc u la r  p a r t  of 
th e  subcutaneous la y e r  of th e  s k in .
The fo llo w in g  in v e s t ig a t io n s  a re  suggested  to  e lu c id a te  
th e  complex h o s t—tumour in te r a c t io n s  in f lu e n c in g  tumour 
growth and s t r u c tu r a l  o rg a n iz a tio n : —
i  — E stim a tio n  o f th e  TD^^, l a t e n t  p e rio d  and th e  
p a t te r n  of growth d u rin g  la te n c y  u s in g  th e  
d i lu t io n  assay  te c h n iq u e .
i i  — C ell p o p u la tio n  k in e t ic  s tu d ie s  u s in g  t r i t i a t e d  
thym idine and au to ra d io g ra p h ic  te c h n iq u e s  to  
measure th e  l e ^ h  of th e  c e l l  c y c le  and i t s  
phases; th e  growth f r a c t io n  and th e  e x te n t o f c e l l  
l o s s .
i i i  — Thorough anatom ical s tu d ie s  o f tum our v a s c u la r i ty  
w ith  s e r i a l  h i s to lo g ic a l  s e c t io n s  s ta in e d  w ith  
Luxol f a s t  b lu e , p e r io d ic  ac id —s c h i f f  fo r  b e t t e r  
v is u a l iz a t io n  of th e  blood v e s s e l s ,  
and iv  -  F u n c tio n a l s tu d ie s  of th e  tumour v a s c u la r i ty
u s in g  more r e l i a b l e  ra d io is o to p e  te ch n iq u es  such 
as ^^Rb uptaJce and HSA.
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These in v e s t ig a t io n s  shou ld  he c a r r ie d  out in  both  
non—immunized and immunized mice d u rin g  th e  v a rio u s  phases 
of tumour growth and a ls o  f o r  tum ours tra n s p la n te d  a t 
t i s s u e s  of v a ry in g  s t r u c tu r a l  arrangem ent and v a s c u la r i ty  
o th e r th a n  skin*
B — Tumour R egression  S tu d ie s ;
There i s  need f o r  e x p lo ra t io n  of th e  b a s ic  mechanisms 
re sp o n s ib le  fo r  rem oval of th e  doomed c e l l s  and c e l l  
d e b r is  and t h e i r  e f f ic ie n c y  a f t e r  i r r a d i a t i o n  and o th er 
tre a tm en t m o d a l i t ie s .  T h is  would h e lp  in  \m ders tan d in g  
tumour re g re s s io n  and th e  mechanisms u n d e rly in g  d i f f e r e n t  
r a t e s  o f r e g re s s io n  of v a rio u s  tum ours.
The fo llo w in g  in v e s t ig a t io n s  a re  suggested  a t  v a rio u s  
p e rio d s  of tumour re g re s s io n :
i  — Thorough anatom ica l and fu n c tio n a l  s tu d ie s  o f 
tumour v a s c u la r i ty ;  
i i  — E x p lo rin g  th e  changes in  th e  c e l l  p o p u la tio n  
k in e t ic s ;
i i i  — E x p lo rin g  th e  p o s s ib le  b io lo g ic a l  d if fe re n c e
between tumour c e l l s  a t th e  p e rip h e ry  and th o se  
e lsew here in  th e  tumour and a lso  t e s t i n g  th e  
c lonogen ic  a b i l i t y  of th e se  c e l l s  by 
t r a n s p la n ta t io n  and in  v i t r o  clone fo rm ation  
a ssa y s .
and iv  -  In v e s t ig a t io n  o f th e  a u to ly t ic  d ig e s t io n  of th e  
dead c e l l s  and th e  p h ag o cy tic  a c t i v i t y  of th e  
h o s t scavenger c e l l s .
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C — Growth R e s tra in t  S tu d ie s  o f R ecurren t Tumours;
The fo llo w in g  in v e s t ig a t io n s  a re  suggested  f o r  fu r th e r  
e x p lo ra tio n  of th e  mechanism and th e  m agnitude of growth 
r e s t r a i n t  du rin g  th e  v a rio u s  phases o f growth of 
re c u rre n c e s  and tr a n s p la n te d  tum ours a t  cured and 
p re—ir r a d ia te d  s i t e s ;  —
i  — Thorough anatom ical and fu n c tio n a l  s tu d ie s  of 
tumour v a s c u la r i ty ;  
i i  -  C e ll p o p u la tio n  k in e t i c  s tu d ie s ;  
i i i  — E stim atio n  of th e  TD^^, l a t e n t  p e rio d  and th e
p a t te rn  of growth d u rin g  la te n c y  u s in g  d i lu t io n  
assay  tech n iq u es  w ith  a  c e l l  suspension  from 
re c u rre n t tum ours in je c te d  a t bo th  ro u tin e  and 
cured s i t e s .
and i v  — E stim atio n  of th e  TD^q, l a t e n t  p e r io d  and th e  
p a t te rn  of growth d u rin g  la te n c y  f o r  ro u tin e  
tumours tr a n s p la n te d  a t  bo th  cu red  and 
p re—ir r a d ia te d  s i t e s  of v a r io u s  dose le v e l s .
These in v e s t ig a t io n s  should  be c a r r ie d  out w ith  a  la rg e  
number of anim als f o r  each s tu d y .
D — S tu d ie s  of Recovery from S u b le th a l Damage:
I t  i s  d e s ira b le  to  confirm  th e  f in d in g s  re p o r te d  in  t h i s  
t h e s i s  reg a rd in g  th e  reco v ery  c a p a c ity  from SLD u s in g  a  
la rg e  number of anim als and bo th  TCD^^ and d e lay  in  growth 
a s sa y s . F u ture  s tu d ie s  should be d i r e c te d  tow ards ex p lo rin g  
ways and means fo r  s e le c t iv e  i n h ib i t i o n  of th e  recovery  
phenomena in  th e  tum ours to  achieve b e t t e r  cure r a t e s  w ith  
f r a c t io n a te d  r a d ia t io n  t re a tm e n t.
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E — Other S tu d ies ;
i  — In v e s tig a t io n s  o f th e  p ro p o r tio n  o f hypoxic c e l l s  in  
th e  tum ours and th e  p o s s i b i l i t y  of t h e i r  re  oxygenation 
w ith  f r a c t io n a te d  i r r a d i a t i o n ,  
i i  — E xploring  re g re s s io n , cure  and re c u rre n c e  of th e
tumour a f t e r  f r a c t io n a te d  i r r a d i a t i o n  a lone  and in  
com bination of M ison idazo le .
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Future  P ro sp e c ts ;
The development of r a d ia t io n  th e ra p y  h as, of n e c e s s i ty , been 
e x te n s iv e ly  based on em piric ism  and th e  m ajor c o n tr ib u tio n  
of ra d io b io lo g y  t o  ra d io th e ra p y  a t p re sen t i s  th e  d isco v e ry  
of mechanisms in f lu e n c in g  tumour response  t o  io n iz in g  
r a d ia t io n .  However c u r r e n t ly  a v a ila b le  r a d io b io lo g ic a l  d a ta  
are  s t i l l  in ad equate  t o  e x p la in  th e  complex in te r a c t in g  
phenomena o c cu rrin g  in  th e  b io lo g ic a l  system s. So f a r  th e se  
d a ta  can be r e l a t e d  to  th e  observed phenomena only  by means 
of h y p o th esis  and e x tr a p o la t io n .
More re c e n t ly , however, exp erim en ta l ra d io b io lo g ic a l  s tu d ie s  
have in d ic a te d  l in e s  of re s e a rc h  along which in te n s i f i c a t i o n  
o f e f f o r t s  would be p a r t i c u l a r l y  d e s ir a b le  and i t  seems 
in c re a s in g ly  p robab le  t h a t  th e  r a d io b io lo g ic a l  f in d in g s  w i l l  
indeed prove to  be a p p lic a b le  to  c l i n i c a l  problem s. For 
example, th e  i d e n t i f i c a t i o n  o f th e  oxygen e f f e c t  as a  p o s s ib le  
mechanism of tumour r e s is ta n c e  t o  r a d ia t io n  tre a tm e n t, has le d  
t o  th e  e x p lo ra tio n  of th e  c l i n i c a l  use of h y p e rb a ric  oxygen, 
h i ^  LET r a d ia t io n ,  r a d io s e n s i t i z e r s  and h y p erth e rm ia .
F u r th e r  ex p erim en ta l s tu d ie s  in c lu d in g  th o se  along  th e  l in e  
suggested  in  th e  p re se n t work may le a d  to  th e  desig n  of a 
p r a c t ic a l  and sound approach to  c l i n i c a l  ra d io th e ra p y  and to  




Method o f Local Tumour C on tro l *Cure * A n a ly sis ;
The r a d ia t io n  TCD^^ i s  a  u s e fu l param eter f o r  comparing 
r a d ia t io n  s e n s i t i v i t i e s  o f d i f f e r e n t  tum ours under v a rio u s  
c o n d itio n s  o f i r r a d ia t io n *  I t  i s  p re fe ra b le  t o  any o th e r 
end—p o in t because i t  may be e s tim a te d  w ith  th e  g r e a te s t  
accuracy  f o r  a  given number o f i r r a d i a t e d  tu m o u rs .
The TCD^Q i s  d e fin ed  as th e  r a d ia t io n  dose n e c e ssa ry  to  o b ta in  
lo c a l  c o n tro l or *cure* o f one h a l f  ( i . e .  50 p e r  c en t)  of th e  
tum ours a t some s ta te d  t im e . The curve o f *cures*  v e rsu s  th e  
dose p lo t te d  on a l in e a r  g r id  i s  u s u a lly  a  s te e p ly  r i s i n g  
sigm oid . I t  i s  d i f f i c u l t  t o  e s tim a te  th e  TCD^^ a c c u ra te ly  
from such a  curve, as i t  f a l l s  on a  v e ry  s te e p  p a r t  of th e  
c u rv e . S evera l methods have been used to  o b ta in  an a ccu ra te  
*^stim ation o f th e  TCD^^; namely; The p ro b it  a n a ly s is  (284)» 
The L o g it method ( 285) and th e  s in g le —c e l l  k in e t i c s  method of 
P o r te r  and P e te rs  (1 3 6 ).
In  th e  p re sen t work, th e  lo g ^ lo g  tra n s fo rm a tio n  a n a ly s is  has 
been used fo r  th e  TCD^^ c a lc u la t io n s  u s in g  a computer program 
p rov ided  by T .E . Wheldon. T h is  a n a ly s is  i s  b e s t  reg ard ed  as 
a  qu ick  and easy way of g e t t in g  a  rea so n a b le  e s tim a te  o f th e  
TCD^q w ith  only le s s  th a n  5^ d if f e r e n c e  from th e  e s tim a ted  
v a lu e s  u s in g  th e  o th e r methods m entioned above. I t  g en e ra te s  
a  s t r a ig h t  l in e ,  from which th e  TCD^^ may be re a d  d i r e c t l y .
The lo g -1  og tra n s fo rm a tio n  a n a ly s is  i s  based  on th e  fo llo w in g  
assum ption :—
a) Tumour cure re q u ire s  e lim in a tio n  of a l l  c lonogen ic  c e l l s ;
b) There e x is t s  a  unique sp e c ie s  o f clonogen (p o s s ib ly  a
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sul>-population of th e  t o t a l )  of uniform  r a d io s e n s i t iv i t y  
which dom inates r a d io c u r a b i l i ty ;
c) A ll tum ours co n ta in  equal numbers of dominant clonogens;
d) The r a d ia t io n  s u rv iv a l curve of th e  dominant clonogens 
fo llo w s th e  s in g le —h i t  m u lti—ta r g e t  e q u a tio n .
e) The k i l l i n g  of c e l l s  by r a d ia t io n  i s  a  random p ro cess  
conform ing to  P o isso n  s t a t i s t i c s .  Hence, th e  su rv iv a l 
curve eq u atio n  g iv e s  th e  mean f r a c t io n  su rv iv in g  a 
p a r t i c u la r  r a d ia t io n  d o se . The p ro b a b i l i ty  th a t  a 
p a r t i c u la r  f r a c t io n  su rv iv e s  in  any s in g le  case i s  
th e n  given  by a P o isso n  d i s t r i b u t i o n .
Thus, th e  p r o b a b i l i ty  t h a t  (say ) X clonogens su rv iv e  
dose d i s  g iven  by
P(x) =
XI
where S i s  th e  mean f r a c t io n  of c e l l s  s u rv iv in g  dose d and N 
th e  number of clonogens o r ig in a l ly  p re s e n t .  I f  cure r e q u ire s  
e lim in a tio n  of a l l  c lonogens, th e n  th e  p r o b a b i l i ty  of cure P^ 
i s  th e  p r o b a b i l i ty  P ( o )  th a t  no clonogens s u rv iv e . Hence,
p .  ë ®c
A dopting th e  f a m il ia r  'o f f  th e  shoulder* approxim ation  to  th e  
m u lti—ta r g e t  su rv iv a l e x p re ss io n  we have
-S pd n e
where d i s  th e  dose, n  th e  e x tr a p o la t io n  number and th e  




P = -e"“ ®c
which can be r e w r i t te n  i n  th e  form
In  ( - I n  P^) = In  (nH) -  ( l/D ^ ) . d
to  show th a t  a p lo t  of In  (—In  P^) a g a in s t d should  ( i f  th e
assum ptions made a re  c o r r e c t )  y ie ld  a  s t r a ig h t  l in e  of s lope  
(—l/h ^ )  and in te r c e p t  In  (nN) on th e  y—a x is .
For c a lc u la t io n  of sim ply n o te  t h a t
In  (—In  (0 . 5))  = — 0.367 and by draw ing a  h o r iz o n ta l  l in e
from — 0.367 on th e  In  (—In  P^) a x is  to  i n t e r s e c t  th e  l in e  
th rough  th e  cure d a ta  and d ropp ing  a v e r t i c a l  l in e  from th e  
p o in t of in te r s e c t io n  t o  th e  dose a x is ,  can be
e s tim a te d .
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APFÆDIX I I  
M athem atical D e sc rip tio n  of Tumour Growth:
Most experim en tal tumours grow more slow ly when la rg e  th a n  
sm all and re c o g n itio n  o f t h i s  alm ost u n iv e rs a l  f e a tu re  has 
le d  to  th e  use o f ’d e ce le ra tin g *  growth cu rves such as th e  
Gompertz curve ( s e c t io n  1 .2 ) as a  convient d e s c r ip t io n  of 
tumour grow th.
In  g e n e ra l, however, i f  a  p u re ly  em p iric a l d e s c r ip t io n  of 
tumour growth i s  sought, any m athem atical fu n c tio n  w ith  th e  
a p p ro p r ia te  d e c e le ra t in g  p ro p e rty  w il l  u s u a l ly  s u f f i c e .  Since 
many tum ours a re  (n e a r ly )  s p h e r ic a l ,  a  l i n e a r  in c re a s e  in  
d iam eter w ith  tim e im p lie s  a  co rrespond ing  cub ic—in c re a s e  in  
volume, g iv in g  a growth curve which may be f i t t e d  to  th e  
"wmpertz e q u a tio n . The advantage of th e  d iam eter v e rsu s  tim e 
d e s c r ip t io n  i s  th a t  i t  s ta y s  c lo s e r  to  tumour m easurements and, 
as  only  s t r a ig h t—lin e  f i t t i n g  i s  re q u ire d , e x te n s iv e  
com pu ta tional f a c i l i t i e s  a re  u n n ecessa ry . In  th e  p re se n t 
s tu d y , a  b e s t s t r a ig h t - l i n e  was f i t t e d  by th e  method of 
unw eighted l e a s t  squares fo r  each in d iv id u a l tumour growth 
curve u s in g  a 11—58 programmable c a lc u la to r .  The p r a c t ic e  of 
f i t t i n g  each growth curve in d iv id u a l ly  was adopted because, 
a lthough  l i n e a r i t y  of in c re a s e  in  d iam eter w ith  tim e was 
u s u a l ly  e x c e lle n t (w ith  c o r r e la t io n  c o e f f ic ie n t s  ty p i c a l ly  in  
excess of 0.95)» th e re  occurred  in  th e  t r e a te d  groups o ccas io n a l 
tum ours whose growth p a t te r n  d ep arted  m arkedly from l i n e a r i t y  
( e .g .  c o r r e la t io n  c o e f f ic ie n t  0 .30 ) and f o r  which a sim ple 
l in e a r  model was deemed in a p p ro p r ia te .  Such tum ours were 
excluded from th e  a n a ly s is .
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Non—excluded tum ours in  each group th e n  p rov ided  a 
s t a t i s t i c a l  p o p u la tio n  of growth r a t e s  ( i . e .  s lope  of l i n e a r  
in c re a s e  in  d iam eter w ith  tim e) which, in  p r a c t ic e  showed no 
g re a t d e p a r tu re  from a normal d i s t r ib u t io n ,  and allow ed 
p o p u la tio n s  in  d i f f e r e n t  groups to  be compared by s tan d a rd  
p a ra m e tr ic  t e s t s ,  such as S tudent*s t —t e s t .
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